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This program inwc’-res several aspects of chemistry,
electrochemistry, - ‘hemistry, and spectroscopy of selecgd
gsystems in molten hc :s. This report summarizes the research
performed during the first Kfar of the program. The following
personnel were involved in this program during this period.

1. Professor Gleb Mamantov, principal investigator.

2. Professor Richard M. Pagni, coprincipal investigator

3. Dr. Guae.lg—Sen Chen, postdoctoral research associate,
gt/xggc/::gg by this program during the period 2/15/93 -

4. Dr. Haiming Xiao, postdoctoral research associate,
supporged by this program during the period 11/10/93 -
present.

5. Dr. Yvette Yang, E.)a,rt—time postdoctoral research
associate, supported this program during the period
2//15/93 - present.

6. Dr. Anna Edwards, part-time postdoctoral research
associate, not supported by this program.

7. Ellen Hondrogiannis, Ph.D. student, not supported by this

program.
8. Carlos Lee, Ph.D. student, partially supported by this
program.
9. Sven Eklund, Ph.D. student, not supported by this
program.

10. George Hondrogiannis, Ph.D. Student, partially supported
by this program.

The status of projects investigated under this program is
summarized below.

Results
1. Purification of Alkali Haloaluminate Melts.

Oxide i ities in wmolten chloroaluminates may have
pronoun effects on the behavior of other solute cies in
these media. This problem is particularly serious for basic
(A1Cl,/NaCl mole ratio < 1) alkali chloroaluminates containixr'g
refractory metal solute species such as Nb(V), Ta(V),

W(V). We have previously reported on the removal of oxide

1




impurities from AlCl,-NaCl melts saturated with NaCl using
gl;osgene(l) . Phosgene, however, is a poisonous gas and must

handled with extreme caution. We have now been able to
achieve complete conversion of oxide impurities to chlorides
b¥ treating the melt with carbon tetrachloride (2, i
1). This procedure is also applicable to acidic alkali
chlorcaluminates and fluorochloroaluminates, such as the
NaAlCl,-NaF (90-10 mole%) melt.

Electrochemical and Spectroscopic Studies of Refractory Metal
Species in Basic Alkali Haloaluminates.

Using haloaluminate melts purified with CCl,, we have
investigated the electrochemistry of tantalum in AlCl,-NaCl,,.
and NaAICl,-NaF (90-10 mole %) melts in the temperature range
200-450°C (3, dix 2). We have also conducted
spectroscopic and electrochemical studies of tungsten(VI) and
tungsten (V) chloride and oxychloride complexes in the AlCl,;-
NaCl,, melt at 175° (4, Appendix 3) and have reinvestigated
the electrochemistry of nicbium(V) in the AlCl,-NaCl.. and
related melts at 160-500°C (5, Appendix 4). 1In all cases (3-
5) strong evidence for dimeric and cluster species was
obtained resulting in very complicated chemistry. Formation
of metals at high temperatures (>500°C) was also cbserved. We
have initiated studies to compare electroplating of these
elements (W, Nb, Ta) from basic haloaluminate melts with that
from the LiF-NaF-KF eutectic (6). Our prior studies indicate
that these metals cannot be plated using acidic (AlCl,-rich)
chloroaluminate melts.

ctroelectrochemical Studies in Molten Alkali
oroaluminates.

Spectroelectrochemistry - coupling of electrochemistry and
spectroscopy - can be a very useful approach for investigating
camplex reactions in solutions(7) .

Using Raman, UV-visible and electron spin resonance
Is&ectmscopies we reinvestigated the reduction of chloranil in
Cl,-NaCl melts (8, Appendix 65). This material was
previously investigated (9,10) because of its potential use as
a cathode material for high-ene molten salt batteries. The
roelectrochemical results ix 5) show clearly that
reduction of chloranil in the basic AlCl,-NaCl melt occurs
not a single two-electron process (as believed previously)
but h the stepwise reduction of chloranil to the radical
anion and the dianion.




The spectroelectrochemical approach was also quite useful in
the studies of the reduction of Nb(V) (see Appendix 4) and of
Re(IV) in AlCl,-NaCl,,.. The rhenium system 1s being studied
by Ellen Hondrogiannis (EH) as part of her doctoral
dissertation. This work, supported by an AFOSR fellowship to
EH, will be reported separately.

Photochemistry of Aromatic Hydrocarbons in Aluminum Chloride -
1-Ethyl-3-Methylimidazolium Chloride Ambient Temperature Melts
(this aspect of the program is codirected by Professor R. M.

Pagni) .

The research during the past has concentrated on the
photochemistglof anthracene 9-methylanthracene in molten
aluminum oride-1-ethyl-3-methylimidazolium chloride
(AlCl,/EMIC), looking in particular for photoinduced electron
transfer reactions. Several such reactions have been found.
Anthracene in deoxygenated basic medium (Al1Cl,/MEIC mole ratio

<1) afforded the 4+4 dimer exclusively (11, ix 6); no
electron transfer from the excited state of anthracene to EMI*
was observed under these conditions. Anthracene in

enated acidic medium (AlCl,/MEIC mole ratio >1), on the
other hand, yielded a large number of monomeric and dimeric,
reduced, neutral and oxidized products. riments showed
that this unique chemistry was initiated by electron transfer
from the excited state of anthracene to protonated anthracene
which was formed by the reaction of anthracene with trace
amounts of HCl, a strong acid in the acidic molten salt.
Photolysis of the more easily oxidized 9-methylanthracene in
deoxygenated basic melt afforded, in addition to the 4+4
dimer, two monomeric and two dimeric products, all of which
were characterized by independent synthesis. Experiments
demonstrate that this chemistry was initiated by electron
transfer from the excited state of 9-methylanthracene to EMI*.
The difference in behavior of anthracene and 9-
methylanthracene in the basic melt can be attributed to the
difference in the rate of electron transfer to EMI*: for
anthracene, the electron transfer is endothermic and slow,
while for 9-methylanthracene, the electron transfer is
exothermic and fast. Irradiation of anthracene in enated
basic medium afforded several products inclcﬁg;'?ng 9-
chloroanthracene. Although the formation of 9-
chlorocanthracene can be envisioned to arise by electron
transfer from the excited state of anthracene to O,
additional work will be required to prove that this assumption
is correct.
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Appendix 1

Removal of Oxide Impurities from Alkali Haloaluminate
Melts Using Carbon Tetrachloride

Guang-Sen Chen,* I-Wen Sun, Karl D. Sienerth, Anna G. Edwards, and Gleb Mamantov*
Department of Chemistry, The University of Tennessee, Knoxville, Tennessee 37996-1600

ABSTRACT
Small amounts of oxide impurities in alkali chloroaluminate and fluorochloroaluminate melts can complicate

markedly the electrochemical an

troscopic behavior of other solute mies in these melts. A simple method for the
removal of oxides from these melts has been developed in our laboratory. Thi

method is based on the reaction of carbon

tetrachloride with oxides to convert them to chlorides. Spectroscopic techniques (UV-visible and IR spectroscopy) have
shown that addition of carbon tetrachloride results in the complete conversion of oxides to chlorides.

Oxide impurities in molten chloroaluminates' may have
pronounced effects on the behavior of other solute species
in these media;** these impurities are difficult to avoid.
Recently we reported on the removal of oxide impurities
from a sodium chloroaluminate melt saturated with NaCl
with phosgene (COCL,).® Prior studies on the determination
and removal of oxide species from chloroaluminate melts
are summarized briefly in that paper®

Phosgene is a very poisonous gas and must be handled
with extreme caution. In addition, we have found that the
removal of oxide impurities from acidic sodium chloroalu-
minute melts (A1Cl,/NaCl mole ratio > 1) using COCl, is not
complete.*

We report here a method for the removal of oxides fromn
both acidic and basic alkali chloroaluminate melts, as well
as fluorochloroaluminate melts. This method is based on
the reaction of carbon tetrachloride with oxide species to
convert these species to the corresponding chloride com-
plexes. Using CCl, as a chlorinating reagent is advanta-
geous compared to the COCl;-treatment in that CCl, is
much easier to handle.

Experimental

Aluminum chloride (Fluka, >99.0%) was purified by sub-
liming it twice under vacuum in a sealed Pyrex tube.
Sodium chloride (Mallinckrodt, reagent grade) was dried
under vacuum (<50 mTorr) at 450°C for at least 48 h. High
purity sndium fluoride (AESAR, puratronic, 99.995%), nio-
bium pentachloride (AESAR, puratronic, 99.99%), and
tungsten oxychloride (WOCL,, Aldrich) were used without
further purification. Carbon tetrachloride (water 0.001%)
was purchased from Baxter Diagnostics, Inc.

AICl,-NaCl melts were prepared from purified aluminum
chloride and vacuum dried sodium chloride. Any remain-~
ing base metal impurities in the melts were removed by
adding aluminum metal (AESAR, 99.999%) in the process
of preparing the melits.

Sodium fluorochloroaluminate melts’ were prepared by
mixing AIC)};-NaCl,,, salts with high purity sodium
fluoride in a suitable ratio, followed by premelting this
mixture in a quartz tube. All handling of melts and solutes
was performed in a nitrogen-filled dry box {moisture level
<2 ppm). Pyrex cells and ampuls were torch-sealed under
vacuum (<50 mTorr). .

Ultraviolet-visible absorption spectra were obtained us-
ing 2 mm path length quartz cells and a Hewlett Packard
8452A diode array spectrophotometer with a water-cooled
furnace. Infrared spectra were recorded with a Bio-Rad

* Electrochemical Rociety Active Member.

J. Electrochem. Soc., Vol. 140, No. 6, June 1993 © The Electrochemical Society, inc.

FTS-7 Fourier transform infrared (FTIR) spectrophotome-
ter which was controlled by a microcomputer system.

The in situ infrared spectra of the molten salts were ob-
tained using a cell similar to that described by Flowers and
Mamantov.*® The cell utilized silicon windows which were
torch-sealed to the Pyrex body of the cell. AceThred
adapters (Ace Glass Inc.) on the top of the cell provided
access for loading and sample addition, and produced an
airtight seal when closed. One AceThred adapter on the cell
was covered with a septum. An appropriate amount of CCL
was added by injecting it through the septum using an air-
tight microsyringe (Baxter Diagnostics, Inc.). A furnace
with diametrically opposed holes, which was constructed
in house, allowed heating of the melt inside the sample
chamber of the FTIR instrument.

Results and Discussion

AlCl,-NaCl,,, melt at 200°C.—Figure 1 shows infrared
absorption spectra in the region from 640 to 880 cm ™' for

ABSORBANCE
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the AICl,-NaCl,,, (AICly/NaCl mol ratio = 0.99) melt con-
taining 20.3 mM Na,CO, at 200°C. The amount of Na,CO, in
this cell was 0.568 X 10~* mol; this number of moles corre-
spond to 138 uliter CCL, (at 25°C). Two absorption bands for
aluminum oxychloride were observed at 680 and 800 cm™,

addition of 150 pliter CCl,, which was approximately equal
to the molar amount of oxide in the melt, was made, the
intensity of the absorption band at 800 cm ™ was decreased
to ca. 80% of the initial abgorption intensity; the signal
further decreased to 75% after 60 min and remained un-
changed for 2 h. Subsequently, an excess of CCl,, 450 uliter
in total, was added to the same cell. After 70 min, 70% of
the oxide was converted to the corresponding chloride spe-
cies. After 120 min, no infrared absorption bands for the
aluminum oxychloride species were detected in the melt. It
was apparent that all of the oxide impurities were elimi-

A doublet occurring at 2342 and 2357 cm™!, which is typ-
ical of the infrared spectrum of CQ,, ' increased

3
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significantly with the introduction of CCl, into the melt
(Fig. 2). The doublet bands were observed even in the ab-
sence of the sample cell; however, the band intensities were
weaker than those after the addition of CCl,. Prior to CCl,
addition, these weak bands probably resulted from the
trace amounts of CO, in the sample chamber of the FTIR
instrument. From the results depicted in Fig. 2, we can
conclude that the reaction of CCl, with O*~ formed CO, and
Cl™ as follows

CCL +2 0* = CO, + 4Cl”

where O and Cl™ represent the oxide species and free
chloride ions or the chloride species, respectively.

The spectrum obtained for this melt after evacuation for
1 h is shown in Fig. 2. It is evident that the CO, absorption
bands were reduced markedly. After 1 h more of evacua-
tion, these bands were decreased further to the level ob-
served before the introduction of CCl,. These results indi-
cate that the by-product (CO,) formed by the reaction of
CCl, with the oxide impurities was removed by evacuation.

An alternative way to measure oxide impurities is to ex-
amine the UV-visible spectra of Nb (V) in the melts. This

Table L. UV-visible spectroscopic dato for nicbium (V) species.

Species Solvent A/nm (¢/M™1 em™) Ref.
NBCl, at 100°C, 240 (1.0 x 10%), 285 (1.0 X 109 16
NbCl, Sg.cu 242 fs.l x 10%), 294 (3.4 x 109, 17
Et,NNDCL, CH,CN 343 féi o i8§¥' 200 8"5 2'513‘)103) 18
3 4 X y 9 X ,
315 (sh, 1.1 X 10%), 355 (sh, 2.0 % 10%)
NbCl; AICL,-MEIC 291 (3.2 x 104, 316 (1.7 x 10Y 19
(44.4/44.6 m/o) 360 (sh, 4.1 x 10%)
NbCl, AICl,-NaCl,,, 240 (1.1 x 10, 288 (1.3 x 10% 20
NbClL, AlCl,-Na 242 (5.3 x 10%), 280 (1.4 X 10%)
(cc1.t 2-tru 316 (sh, 9.1 x 10%), 350 (sh, 3.4 x 10%) This work
a WO
NbOCH}- 12M HC1 228 (3.8 % 10%), 280 (1.1 X 10%) 19
320 (sh, 1.3 X 10%)
H AlC),-MEIC 278 (1.3 x 10%), 317 (sh, 1.2 x 10%) 19
- AIC},-NaCl,,, 220 (6.9 % 10%), 270 (4.7 x 10%)
at 200°C This work
NbOCY- NaAICl,-NaF 2178 (s) This work

(80-10 m/o) at 480°C




Woo 8. Uudsibls spactonssapic dute for tongaten (V) spacies.

Spucies Solvent Anm (/M em™) Ref.
WG, cay, 334 (8.0 % 10%, 379 (3.0 x 10Y 21
447 (8.0 x 10’), 514 (2, 1.7 x 10%)
585 (7, 60), 720 ()
wCl, vapor zgg gs) 275 (sh), 330 (s), 375 (sh) 14
W)
WOCI, toluene 355 (s) 22
WOC), vapor 220 {s),) 250 (sh), 270 (sh), 355 (s) 14
wWOoCl, AICL;-NaCl 228 (4.3 x 10%), 266 (sh, 2.1 x 10,
(63.37 m/o) 284 (sh, 1.4 x 10%), 360 (3.8 x 107)
at 200°C This work
WCl, AlC),-NaCl 332 (9.7 X 10%), 378 (sh, 4.6 x 10%),
(63-37 m/o) 434 (sh, 1.8 X 10%), This work

(after CCl; treatment at 200°C 484 (8.4 X 10%)

approach may be more sensitive for detecting a very low
concentration of oxide species in the melts than the in-
frared spectral approach. A UV-visible absorption spec-
trum using niobium (V) species as a probe at 200°C is shown
in Fig. 3. The concentration of the initial niobium oxychlo-
ride, which was added as NbOCl,;, was 0.17 mM. The results
are summarized in Table I along with the literature data.
The spectrum obtained before the introduction of CCl,
(Fig. 3a) showed two main bands at 220 and 270 nm, which
were similar to those for NbOCI?~ in HC] and in basic room
temperature melts'® (Table I}. We also observed results
similar to the literature data for niobium oxychloride in
NaAICL-NaF {90-10 mole percent (m/o)] at 480°C at a
higher concentration of 1 mM.

With the addition of CC), to this cell, a significant change
in the UV-visible spectrum was observed (Fig. 3b). After
45 min, the exhibited a much higher absorbance
in the 250-350 nm region than that observed for the oxy-
chloride species. Several absorbance maxima were ob-
served at 242, 290, 316 (sh) and 350 nm (sh), which are in
excellent agreement with those for NbCl; in other solvents
(Table I). These results indicate clearly that using CCl, can
reduce the oxide impurities to an extremely low level.

AlCly-NaCl (63-37 m/o) melt.—The oxide contaminatioa
in acidic chloroaluminates also complicates the electro-
chemical and spectroscopic behavior of some solutes of in-
terest in these melts.!* However, removal of oxide impuri-
ties from acidic chloroaluminate melts has not been
reported previously. As mentioned above, phosgene cannot
eliminate the oxide completely from these melts.® There-
fore, we attempted to remove the oxide impurities from an
acidic melt, AlCl,-NaCl (63-37 m/o), using CCl,. The
efficiency was monitored by measuring the UV-visible
spectra of melts containing a W(VI) species, which was em-
ployed as the probe.

Figure 4 shows the change in the UV-visible spectrum of
tungsten(VI) species in the acidic melts with the addition of
CCl, at 200°C. The features of these spectra are summarized
in Table II together with the literature data. From these
results we conclude that the tungsten(VI) species in the
initial melt was WOC]I,. A significant change in the spec-
trum was observed ca. 2 h after the introduction of CCl,.
The new spectrum was characteristic of WCl, (Table II).
The use of CC], can remove all the oxide impurities in these
melts. The reaction in the acidic melts was slower than that
in AIC),-NaCl,,, melits.

NaAICl,-NaF (90-10 m/o) melt.—The electrochemistry
and spectroscopy of ‘solutes of sodium fluorochloroalumi-
nate melts can be investigated over a large temperature
region, ca. 200 to 800°C. or higher." There exists a large
quantity of liquid phase for the NaAlCl,-NaF (90-10 m/o)

As the temperature was increased to the liquidus temper-
ature, 395°C or higher, the complete conversion of the ox-
ides to chlorides by CCl, was obtained in less than 5 min as
indicated by the UV-visible spectral changes of Nb(V) spe-
cies contained in the melt (Table I). We noticed that the
chloride species transformed again to the oxide species ca.
45 min after the introduction of 10 pliter CCl, to 2.38 g of
the fluorochloroaluminate melt with 1 mM Nb(V) species in
a quartz UV cell (2 mm in path length). This may be caused
by the slight reection of the melt with the quartz cell.

in summary, an oxide-free fluorochloroaluminate melt
can be ob--ined by the following procedure: (i) increase
the temperature to 400°C or higher for NaAlCL-NaF
(90-10 m/o); (if) add an excess of CCl,.to the cell after the
melt becomes molten; (ii¢) keep the cell at the high temper-
ature for ca. 30 min; (iv) cool the cell to 300°C or lower; (v)
evacuate the excess CCl, and CO, at this temperature for
ca. 2 h; and (vi) cool the melt to room temperature.

Conclusion

Spectroscopic techniques (IR and UV-visible spectro-
scopies) indicate that the addition of carbon tetrachloride
removes all traces of oxide impurities from both basic and
acidic sodium chloroaluminate melts, as well as from
fluorochloroaluminate melts. This method has an obvious
advantage over using other chlorinating reagents, such as
COCl, and HCI, since CCl, is easier to handle. This method

10
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at temperatures =200°C, although the liquidus tempera- Man 2% 30 M0 40 40 80 S0 &0
ture at which the melt is completely molten, is 395°C. VELENG

We first attempted to remove the oxide impurities at a WA TH (om)
relatively low temperature (200-250°C) using CCl,. How- 4. Weisible specira of kungsten (V1)
ever, CCl, only partly converted the oxides to the chlorides. melt, AlC1,-NaCl (63-37 m/o, 2.781 g), ot 200°C; l\o nmd
This was due probably t- . -~ presence of the solid precip: melt jning 0.478 mM WOC,; (b} mmdmhm
tate which prevented complete conversion. of 20 pliser CCl,; the quortz was 2 mm.
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also may be suitable for the removal of oxide impurities
from other alkali chloride melts such as LiCl-KCl and

KCl-NaCl. _
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Electrochemical Studies of Tantalum in Fluorochloroaluminate
Melts at 200-450°C

Guang-Sen Chen,* Anna G. Edwards, and Gleb Mamantov*
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600

ABSTRACT

The electrochemistry of tantalum(V) species in sodium fluorochloroaluminate melts (10 mole percent NaF) has teen
investigated in the temperature range of 200 to 450°C using cyclic, normal pulse, and square wave voltammetries, exhaus-
tive electrolysis, Raman and electronic spectroscopies, and x-ray diffraction methods. The electrochemical behavior of
tantalum(V) is strongly dependent on temperature. Three main reduction waves are observed at a temferature of 300°C or
higher. The first and second reduction waves merge into one wave at temperatures below 300°C The first reduction wave
is associated with the reduction of tantalum(V) to tantalum(IV) species followed by a dimerization reaction which occurs
very slowly at lower temperatures. The second reduction wave is believed to be the reduction of the tantaium(IV) dimer,
Taf', to a tantalum(III) species (probably Ta$"). The tantalum(III) s?ecies decomposes resulting in the formation of the
cluster, Ta,Cl3;. The last reduction wave is assigned to the reduction of the trivalent tantalum species to a divalent tantalum
species, which is highly unstable and decomposes to form the tantalum cluster, Ta,C1%;, and metallic tantalum. The clusters

are slowl; reduced to metallic tantalum.

The electrochemistry of tantalum is complicated by the
existence of various compounds with different oxidation
states, such as Ta>, Ta*, Ta®, Tal*, Tal", Ta’ ' in AlCI,-
NaCl melts.*® McCarley et al.>* reported that anhydrous
low-valent tantalum halides can be synthesized by the re-
duction of tantalum(V) halides with aluminum metal at
appropriate temperatures. The electrolytic reduction and
oxidation of tantalum and other refractory metal species in
molten halide salts,”"* organic solvents," and room temper-
ature melts'® have received considerable attention, since
these metals generally have very high melting points and
high corrosion resistance.

We are interested in the electrochemistry and electro-
plating of refractory metals such as Nb, Ta, and W in alkali
chloroaluminate and fluorochloroaluminate melts.
von Barner et al.’ have recently reported electrochemical
and spectroscopic studies of tantalum species in AICl;-
NaCl melts at 160-300°C. Tantalum(V) forms two different
species, TaCl; and TaCl;, in basic (AlCl;/NaCl mole ratio
<1) and moderately acidic A1Cl;-NaCl melts.>!® In addition,
TaOCl; is formed in basic melts in the presence of small
amounts of oxide ions.’ The reduction of tantalum(V) in an
acidic AlCl;~NaCl [51-49 mole percent (m/o)]} melt at 175°C
is believed to follow the sequence, Ta* + ¢” = Ta*, 2 Ta% =
Tal, Ta¥ + 2e” = Tal", 5 Tad* = Tal* + 4 Ta*. This reduction
leads to the formation of a tantalum cluster. Formation of
metallic tantalum was not observed in the electrolysis at
175°C in the sodium chloroaluminate melts.

McCurry" investigated the electrochemical behavior of
tantalum(V) in AIC];-NaCl melts saturated with NaCl,
noted AiCl;-NaCl,,, melts, as a function of the oxide con-
centration in these melts. These studies resulted in a
voltammetric method employing tantalum(V) as a probe to
determine small amounts of dissolved oxide impurities in
molten AICl,-Na™,,.°.

Several resear .ners'™* have described spectroscopic
studies of the chlorobromoaluminate and chloroiodoalumi-
nate melts. The various mixed ions AICl. X, . (X = Br, I)
were reported when AIC]; was mixed with AlBr; or All;.
Gilbert et al.* investigated the Raman spectroscopy of
fluoride-containing chloroaluminate melts at 580-820°C. It
was observed that fluoride replaced chloride progressively,
depending on the molar ratio of NaF to NaAICl,, to form
the species AICL,F~, AICL,F;, AICIF;, and AlF,.
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Sodium fluorochloroaluminate melts are interesting me-
dia because the electrochemistry and spectroscopy of sol-
utes can be examined over a large temperature range (from
ca. 200 to 800°C or higher). The attack of Pyrex and quart..
cells by these melts is much smaller than that by alkali
fluoride melts.* The cathodic limit of the fluorochloroalu-
minate melts occurs at more negative potentials than that
of sodium chloroaluminate melts at high temperatures (see
below). There is sufficient molten phase in the NaAlCl,-
NaF (90-10 m/o) system at temperatures well below its lig-
uidus temperature (395°C)** for the electrochemical stud-
ies. In this paper, we describe the electrochemical studies of
tantalum(V) in oxide-free fluorochloroaluminate melts,
NaAlICl,-NaF (90-10 m/o), at 200-450°C.

Experimentol

Aluminum chloride (Fluka, >99.0%) was purified by sub-
liming it twice under vacuum in a sealed Pyrex tube.>®
Sodium chloride (Mallinckrodt, reagent grade) was dried
under vacuum (<50 mTorr) at 450°C for at least 48 h. High
purity sodium fluoride (AESAR, puratronic, 99.995%)
and tantalum chloride (AESAR, puratronic, 99.99%) were
used without further purification. Carbon tetrachloride
(water, 0.001%) was purchased from Baxter Diagnostics,
Incorporated.

AlICl;-NaCl,,, melts were prepared from purified alu-
minum chloride and vacuum-dried sodium chloride. The
melts were saturated with NaCl at 175°C. Any remaining
base metal impurities in the melts were removed by adding
aluminum metal (AESAR, 99.999%) in the process of
preparing the melts.

It is very important to eliminate small amounts of oxide
species in the melts since the presence of the oxide species
will complicate the electrochemical behavior of Ta, Nb, and
W in these melts.'**% Recently, we reported the use of
phosgene, COCL,, to convert oxide species to the chloride
species in basic alkali chloroaluminate melts.** Very re-
cently, we have found that carbon tetrachloride can also
remove oxides effectively. The treatm.:nt with CCl, has sev-
eral advantages comp: ‘ed to the COCl,-treatment includ-
ing the ease of handi ng CCl,. The details of this new
method will be reported elsewhere.?

Sodium fluorochloroaluminate melts were prepared by
mixing CCl,-treated AlCl,-NaCl,,, salts with high purity
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sodium fluoride in a suitable ratio, followed by premelting
this mixture in a quartz tube.”

The electrochemical studies were performed in a Pyrex
cell using a glassy carbon plate as a counterelectrode, a
tungsten wire (0.5 mm in diam), plntinum wire (0.5 mm in
diam) or a glassy carbon rod as a working electrode, and a
platinum wire directly immersed in the melts as a quasi-
reference clectrode. The reference electrode was a silver
wire dipped in AIC1,-NaCl,,, melt containing 6.28 m/o AgCl
and placed in a thin Pyrex bulb. The silver electrode was
found to be very stable and reproducible even at high tem-
peratures, while an aluminum reference electrode was not
stuauy at high temperatures. The potential difference of the
Ag/Ag(l) reference vs. Al in AICl,-NaCl,,, at 175°C was
fou.. 1 to be 1.080 = 0.005 V. The platinum quasi-reierence
electrode was used as the reference electrode for the elec-
trochemical measurements, since the resistance across the
Pyrex membrane was very high. The potential differences
betwreen the platinum quasi-reference and the silver refer-
ence electrodes were measured using a high impedance
multimeter (Keithley 173A) before taking any voltam-
mograms. In this report, the potentials given are with re-
spect to the silver reference electrode.

The exhaustive electrolyses were performed using a large
surface area glassy carbon crucible as a working electrode.
An aluminum coil sealed in a glass tube ar.d separated by a
beta-alumina diaphragm was used as a counterelectrode.
We found that a beta-alumina diaphragm was suitable for
the exhaustive electrolysis of a species with high vapor
pressure since it is & good sodium ion conductor and is
gas tight.

All handling of melts and solutes was done in a nitrogen
filled dry box (moisture level <2 ppm). Cells and ampuls
were torch sealed under vacuum (<50 mTorr).

An EG&G Princeton Applied Research (PAR) poten-
tiostat/galvanostat (Model 273) connected to an IBM com-
puter (PS/2 Model 70 386) utilizing the PAR M270 software
package was used to obtain cyclic, normal pulse, and
square wave voltammograms.

Raman spectroscopic measuremnents were performed as
described previously?'*" A furnace of the proper optical
design was constructed in-house and enabled the detection
of Raman signals at 90° to the excitation beam. Fairly high
power levels, typically 400 mW, were required because of
losses at the windows of the furnace. The monochromator
slits were set for a bandpass of 3 cm™".

Ultraviolet-visible absorption spectra were recorded at
room temperature (25°C) in 10 mm path length quartz cells,
using a Hewlett Packard 8452A diode array spectropho-
tometer or a Varian Cary 219 spectrophotometer.

The chemical analyses were performed by Schwarzkopf
Microanalytical Laboratory, Incorporated.

Results

Characterization of the fluorochloroaluminate melts.—
In this study, we focused our attention on the electrochem-
ical behavior of tantalum(V) in sodium fluorochloroalumi-
nate melt, NaAlCl-NaF (980-10 m/o). Sato et al.®
investigated the phase properties of fluoride-containing
sodium chloroaluminate systems using differential thermal
analysis. Their results indicated that the system NaAICl,-
NaF (90-10 m/o) exhibited two-phase transition tempera-
tures, 395 and 152°C. Although some solid material precip-
itated from the solution at temperatures =200°C, the
amount of liquid phase was sufficiently large to permit the
use of this melt over a large temperature range.

Since it is important to know the composition of the liq-
uid and solid phases of the fluorochloro melts at tempera-
tures lower than the liquidus point, the liquid phase was
analyzed by Raman spectroscopy and chemical analysis,
and the solid phase was characterized by x-ray diffraction.
Figure 1 shows the Raman spectra of the liquid phase of
NaAlCl,-NaF (89.86-10.14 m/o) melt at several tempera-
tures. First, the sample was gradually heated to 550°C, at
which temperature it was completely molten, and then the
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spectrum was acquired after 30 min of equilibration. Next,
the temperature of the sample was gradually lowered and
equilibrated at the lower level for at least 30 min prior to
data acquisition. The frequencies of the observed bands are
presented in Table I. The frequency of band 4 was obtained
by deconvolution of band 3 and band 4 using a nonlinear
least squares curve fitting technique. The deconvoluted
bands were integrated to determine their areas. Bands 1, 2,
and 3 were assigned to AICI; species and band 4 to the
fluorochloro species, AICLF . *! It is important to note that
the band for the fluorochloro species, AICL,F, is observed
at lower temperatures (even at 200°C). The ratic of
[AICI,F/AIC)L] in the liquid phase was approximately
constant in the temperature range studied since the area
ratio of Sp,,44/Seama: Was nearly independent of the temper-
ature. It appeared that only a relatively small amount of the
fluoride species precipitated at lower temperatures. This
conclusion was supported by the chemical analysis of the
liquid phases at 350 and 250°C, which contained 1.3 w/o
and 0.86 w/o F, respectively, [the theoretical F content is
1.06 w/o in the NaAlCl,-NaF (89.86-10.14 m/o) melt].

The results from Raman spectroscopy were in good
agreement with the x-ray diffraction studies of the precipi-
tate from the same melts at 250°C since the main compound
in the precipitate was identified as NaCl. From these re-
sults, it is reasonable to conclude that the sodium chloro-
aluminate melts containing 10.14 m/o NaF, at temperatures
below the liquidus point are fluorochloroaluminate melts
saturated with NaCl.

The voltammetric characteristics of the fluorochloroalu-
minate melt differed from AlCl;-NaCl,,, melt at different
temperatures. Typical cyclic voltammograms at a tungsten
electrode at 450°C in these melts ave shown in Fig. 2 and the
cat’ “dic limits are listed in Table II. The cathodic limit

Table 1. Roman spectral data for: the liquid phase of the NaAKCl,-Nof

{89.86-10.14 m/o) system.

t Band 1 Band 2 Band 3 Band 4  Sg,a
O (em™) (em™’) {em™) (em™)  Spunas
550 119.8 182.8 346.5 376.6 0.062
450 1194 184.0 347.9 379.2 0.061
400 121.2 184.6 348.7 380.7 0.060
350 119.2 183.6 349.3 382.3 0.057
300 121.0 183.8 349.9 383.1 0.059
250 119.6 183.0 350.3 384.4 0.059
200 119.9 183.3 351.0 385.1 0.059

Spande/ Spanas is the area ratio of band 4 over band 3. The areas were
obtained by integrating the deccnvoluted band 3 and band 4, re-

spectively.
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shifted to more positive values in both melts as the temper-
ature was increased. The cathodic limit of the melt contain-
ing NaF was more negative at high temperatures than that
of the melt without NaF added. This fact is important in
studying the electrochemical behavior of Ta species, since
the most negative reduction wave is very close to the ca-
thodic limit (see below). An additional advartage of the
fluorochloro melts over the saturated chloro melts is that
the fluorochloro melts contain enough Cl~ ions to complex
the Ta* species as TaCl; in the TaCl, concentration range
studied (<0.3 mol/kg).*

The anodic limit in the fluorochloro melt occurred at less
positive potentials than in the chloro melt at high tempera-
tures, This is believed to be due to the higher free C1~ activ-
ity in the former melt.

The electrochemical behavior of a glassy carbon elec-
trode in this melt was identical to that of a tungsten
electrode, while the behavior of a Pt electrode was compli-
cated at high temperatures (>300°C) by the formation of
Al-Pt alloys.

Cyclic voltammetry.—Several electrochemical tech-
niques, including cyclic voltammetry, normal pulse
voltammetry, square wave voltammetry, and exhaustive
electrolysis were used to study the electrochemical behav-
ior of tantalum species.

Figure 3 shows typical voitammograms of tantalum(V)
obtained in the AlC),-NaCl,, melt (Fig. 3a) and in the fluo-
rochloroaluminate melt, NaAlCl,-NaF(90-10 m/o) (Fig. 3b)
at 250°C. For convenience, the last cathodic wave is re-
ferred to as wave 3c since a new peak appears at high tem-
peratures at a potential between the first and the second
waves observed at low temperatures. It may be seen that
the electrochemical behavior of the tantalum(V) species in
the chloro melt is similar to that in the fluorochloro melt. It
is noted that the peak potentials of waves 1c and 3c in the

Table N. Comparison of the cothodic limits of the AlCl,-NaCl,,, melt

{Eic) and NaAICL-NaF (90-10 m/o} melt (Ej.

t (°C) Ex (V) Ey (V) Eg-Esa
200 —1.214 -1.171 0.043
250 -1.191 -1.196 -0.005
300 -1.130 -1.192 -0.062
350 -1.090 -1.188 -0.098
400 -1.069 -1.182 -0.113
450 -1.020 -1.130 -0.110

E,, the potentials at i, = 0, were determined by extrapolating the
Al(I°II) re&?ction current to zero. Scan rate 0.1 xlls.
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NaCl-saturated chioro meits are slightly more positive
than the corresponding waves in the fluorochloro melts at
the same TaCl; cuncentration. The cyclic voltammetric be-
havior seems to be more complicated in the chloro melts at
high TaCl, concentrations (>ca. 50 mM) because TaCl; and
TaCl; coexist in the chloro melt according to our recent
Raman studies of the melt with a higher TaCl; concentra-
tion. These results indicate that as the concentration of
TaCl; in the melt is increased the relative concentration of
TaCl; to TaCl; increases as the concentration of Cl- de-
creases due to complexation with TaCl,. In the fluorochloro
melts, only TaCl; was observed in the TaCl; concentration
range studied, <0.3 mol/kg. Therefore, the electrochemistry
of tantalum(V) species in the fluorochloro melt (10 m/o
NaF) is the primary emphasis of this paper and the follow-
ing discussion deals with studies in the fluorochloro melt
unless otherwise specified.

Two main reduction waves were observed at lower tem-
peratures. The first one (1c) was well defined while the
second one (3c) was poorly defined. The anodic behavior
was strongly dependent on the reversal potential. One oxi-
dation wave (1a) was observed, which corresponded to
wave lc when the reversal potential was more positive than
that of the onset of wave 3c. Two new anodic waves (3a and
4a) were observed when the potential was reversed at po-
tentials corresponding to wave 3c. It is interesting to note
that the small anodic wave (3a) was associated with wave
3c while the anodic wave 4a appeared at a much more pos-
itive potential than that of wave 1a. Wave 4a had the ap-
pearance of an anodic stripping wave of an insoluble spe-
cies on the electrode surface.

The cyclic voltammetric behavior of the first redox cou-
ple (1c and 1a) of tantalum(V) at a tungsten electrode was
found to be a function of the scan rate and temperature
(200 and 250°C) as depicted in Fig. 4. As the scan rate was
increased and the temperature was decreased, a cathodic
shoulder (1¢’) became more prominent. At lower scan rates
(<0.5 V/s at 250°C), the shoulder almost disappeared. As
shown in Table I1I, the cathodic peak potentials of wave 1c
shifted to more negative values with an increase in the scan
rate, while the half-peak potentials were essentially inde-
pendent of the scan rate. It was noted that the ratio_I./v'?,
decreased as the scan rate increased.
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The anodic behavior (1a and 1a’) also changed with the
scan rate. At high scan rates (>0.1 V/s), only one well-de-
fined wave (1a) was cbserved while two anodic waves (la
and 1a’) appeared at 0.05 V/s. Wave 1a’ became the main
anodic wave at 0.01 V/s and 250°C. At a relatively low tem-
perature (200°C), the reaction associated with wave 1a’
dominated the anodic behavior even at 1 V/s (Fig. 4c).

The cathodic shoulder (1c¢’) was not observed at a higher
TaCl, concentration (75.4 X 10~* mol/kg). Both the peak
potential and the half-peak potential of wave 1c tended to
shift to more positive values as the TaCl; concentration
was increased (Table IV). The slope of E,. or E) vs. In (c)
was determined to be in the range of 19 to 25 mV, which
agreed with the expected value of 22.5 mV at 250°C for an
EC reaction.®*

The overall cyclic voltammograms of tantalum(V) at a
tungsten electrode were influenced by the temperature.
Typical cyclic voltammograms of tantalum(V) species at
temperatures ranging from 300 to 450°C are shown in
Fig. 5.

Table M. Cyclic volammetric dala for the first reduclion wave
of {34 x 1072 mol/kg) in the NaAlCl,-NoF

(90-10 m/o) melt.

v(V/s) E,(M EpmeV) Lfv'?
0.01 -0.538 ~0.453 10.43
0.05 -0.537 ~0.446 8.96
0.10 -0.544 ~0.441 8.54
0.20 -0.554 -~0.441 8.11
0.50 -0.578 ~0.440 7.83
1.00 -0.595 ~0.437 7.45
2.00 -0.631 ~0.447 6.36
5.00 -0.667 ~0.449 6.71

J. Elactrochem. Soc., Vol. 140, No. 9, September 1993 © The Electrochemical Society, inc.

Toble IV. The toniokun{V) conceniralion Td-a of E,
and E, /. for the first reduction wove in the fluorachloro
mekt ot 250°C and 0.1 V/s.

TaCl,

(X107 mol/kg) E (V) Epn(V)
12.3 -0.551 —0.406"
34.0 -0.544 -0.441
376 —0.544 —0.445
79.5 -0.527 ~0.432
138.8 -0.517 -0.427

* In the case of the lowest TaCl, concentration, wave 1c is signif-
icantly affected by the shoulder (1¢’).

Three main reduction waves (1c, 2c, and 3c) were ob-
served when the temperature was 350°C or higher. A small
shoulder (3¢°) also appeared. A new wave (2c) was observed
at high temperatures (Fig. 5) and it became more pro-
nounced as the temperature was increased. In other words,
the first reduction wave observed at lower temperatures
split into two waves at higher temperatures. The first wave
(1c) seemed to change only slightly while the last two waves
(2c and 3c) increased greatly as the temperature was
increased.

The oxidation waves coresponding to waves 1c¢ and 2¢
were ill-defined at higher temperatures in the overall cyclic
voltammograms (Fig. 5) while waves 4a and 4a’ at positive
potentials (between ca. 0 and ca. 0.4 V) were very pro-
nounced. It was found that the anodic behavior was de-
pendent on the reversal potential and the delay time
(Fig. 6). When the cyclic voltammogram was reversed at a
potential corresponding to wave lc, only wave 1a was ob-
served. This indicated that the reduced species correspond-
ing to wave 1c was relatively stable at 450°C. A large anodic
wave (4a) appeared if the reversal potential was extended
to Wave 2¢ and a delay time was used (Fig. 6b). The corre-
sponding anodic waves (1a and 2a) almost vanished. When
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the reversal potential was extended to the third cathodic
wave, the large anodic wave was composed of two waves
(4a and 4a’) (Fig. 6c). A relatively small stripping wave (3a)
was found in the cyclic voltammogram with a short delay
time (2 s). During the electrolyses or electrodeposition us-
ing a small electrode, an insoluble black deposit was
formed at potentials corresponding to the second or third
wave. The black deposit was found to dissolve in ethanol
forming yellow or green solutions. The spectra of these so-
lutions are discussed below. '

Normal pulse voltammetry—Typical normal pulse
voltammograms of Ta(V) at a tungsten electrode at differ-
ent temperatures are shown in Fig. 7. It was evident that
these voltammograms were strongly dependent upon tem-
perature. At lower temperatures (<300°C), two main ca-
thodic waves (waves 1 and 3) were observed. As the temper-
ature was increased to 350°C or higher, another wave (wave
2) was observed; this wave became more pronounced at 400
and 450°C. The third wave (wave 3) grew significantly with
temperature. This wave exhibited a maximum at a lower
temperature (<350°C) when a short pulse width (0.1 s) was
applied (Fig. 7). The maximum was diminished at a long
pulse width (>0.5 s). The second wave was steeper than the
first wave although the ratios of the second limiting cur-
rent over the first limiting current were close to unity at 350
to 450°C (Table V).

According to Flanagan et al.,” no visible anomaly is
present in the normal pulse voltammograms when only the
reduced species are adsorbed. For a CE or EC process, plots
of E vs. In [(I; — I)/I] have the same slope as that for a
simple redox reaction without a preceding or following
chemical reaction.’ Therefore, we can use the plots of E vs.
In [(I; — I)/I] to evaluate the n-values of waves 1 and 2
although these two waves may involve a following or a
preceding chemical reaction.

The plots of E vs. In [(I; — I)/I] for wave 1 at both 200-
300°C and 400-450°C gave excellent linear curves. Typical

h.\u'mNtﬂ.W1mommmm

results are summarized in Table V. It was found that the
slopes of these plots for wave 1 agreed well with the theo-
retical values of (RT/nF) for » = 1 in a wide temperature
range. A reasonable plot for wave 1 at 350°C ~ould not be
obtained since wave 2 is too close to wave 1. Linear rela-
tions of E vs. In [(I, — I)/I] for wave 2 were a'so found at 400
to 450°C. An n-value of ca. 2 was found while the limiting
current ratios of wave 2 over wave 1 were approximately 1
as mentioned above.

The plots of E vs. In [(I; — I)/I] for wave 3 were not linear.
The formation of a large amount of solid material on the
electrode surface was observed at these potentials. The lim-
iting current ratio of wave 3 over wave 1 was about three at
400-450°C, while it was approximately one at 350°C.

Squure wave voltammetry.—Ramaley and Krause®** de-
veloped the theory of square wave voltammetry for the
hanging mercury drop electrode; however, the treatment
was limited to small step heights (and consequently, slow
scan rates). Osteryoung and coworkers** have made sig-
nificant contributions to the theory of the square wave
voltammetry including systems with coupled chemical re-
actions. Square wave voltammetry has previously been ap-
plied to studies of molten salt solutions.*

In the square wave voltammetry used in this work, the
currents are sampled at the end of both the forward and
reverse halves of the cycle. The net current is the difference
of the forward current and the reverse current. For a simple
reversible reaction, the net current-potential curve is bell
shaped and symmetrical about the half-wave potential,
and the peak height is proportional to concentration. The
shape of the net current voltammogram is relatively insen-
sitive to a variety of common complications in voltammet-
ric experiments. The theoretical relationships for a re-
versislsf reaction are as follows for a pulse height of E,, =
25m

W,z = 3.91RT/nF 13
W,z = 1.95RT/nF 2]

where W, and W, represent the total peak width and the
front peak width at half height. These two equations may
be used to estimate the n-values of reversible electron-
transfer reactions preceded or followed by a chemical reac-
tion since the peak width is not significantly dependent on

1 (mA)

00 -02 -04 -08 10 2 -4
E(V)VSAQ/AQG
7. Normal pulse vollommogroms of tonfolum{V) species in the
N&MFIOM/O’MGHMNZSO {c) 300, {d) 350,
(e) 400, and (H 450°C. elecirode: l’od,eom-n-

tration: 37.6 x 107 M;EWMOI:,NM
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Tuhls V. Normal pulse vehammetric dute fer the redudtion of tantalum{V) (37.6 % 1072 mol/kg in the fverochioro mek.
/s SLy/mV SL,/mV
¢00) Th x 12 » w W, i,

200 0.1 4353 —0.481 0.40
08 0.90 )

200 1.0 40.6 ~0.470 0.71
3.0 1.01

250 0.1 454 -0.488 0.53
03 0.9

230 1.0 419 -0.488 0.50
5.0 1.07

300 0.1 469 -04M 0.19
0.5 1.06

300 1.0 484 ~0.505 1.19
8.0 1.02

330 1.0 83.5 -0.56% 0.82
3.0 0.64

400 0.1 35.8 ~0.408 29.5 —-0.839 111 29
08 1.08 1.97

400 1.0 58.3 ~0.418 314 —-0.640 1.30 .
5.0 0.99 1.85

450 0.1 59.2 ~0.407 3.9 ~0.649 1.30 333
05 1.05 1.95

pw: pulse width; st: step time; SL: the slope of E ve. In[(I; — 1)/I]; »: number of electrons.

the characteristics of the coupled chemical reactions and is
close to the theoretical value for a simple reversible elec-
tron transfer reaction although the peak potential shifts
negatively or positively.”

Figure 8A shows typical net-current square wave
voltammograms of tantalum(V) at a tungsten electrode at
temperatures from 200 to 450°C. These voltammograms
were strongly dependent on temperature in agreement with
the cyclic and normal pulse voltammograms discussed
above. Only one well-defined wave (wave 1) appeared at
200°C. As the temperature was increased to 300°C or higher,
anew wave (wave 2) appeared, and this wave became much
better defined at temperatures higher than 350°C. This
wave shifted to a more negative potential with tempera-
ture. Although wave 3 was ill-defined at temperatures

%wm wave of sontalum{V) (37.6 % 10~* mol/kg) in the NaAKCL,-NaF(90-10 m/o} melt ot a) 200,
, () 300, m,:m,md r*&dunmo.lﬂ ' poleniial: 2 mV; omplitude [,): 25
W 9 Mﬂml mﬂ pry m'c"-m ; -

wave 2. This

lower than 300°C, it became well-defined at higher temper-
atures.

The peak heights and peak widths of wave 1 can be di-
rectly determined from the experimental results. For the
case of wave 2, it is necessary to separate wave 2 from wave
1. Since the net-current vol are bell-shaped
and symmetric, the “back side” curve of wave 1 may be
obtained by a symmetric extension. The “front side” of
wave 2 is obtained by subtracting the back side of wave 1
from the ental curve at the corresponding poten-
tials. A typical result is shown in Fig. 8B. The peak height
and width of wave 2 can be determined from the resulting
wave,

The peak potentials and widths are presented in Table VI.
It is obvious that wave 3 shifted to more positive potentials,

8
3
Sk ®
4 2
i L] 1
=,
BL2
1=
BLt
0 —~—c
1 L i { 4 i
00 -02 -04 -06 -08 -10 -12
E (V) s Ag/AgCt

was obioined ot




g ] Ay ] WoamAmV) LY Eyu(V) Woaae(mV) n Lo/,
00 100 -0.461 83.0 0.9%
200 10 -0.453 70.0 1.13
50 100 -0.433 840 1.04
280 10 -0.452 68.0 1.29
308 100 -0.420 110 0.87
%0 100 -0.443 97.0 1.08 -0.555
350 10 -0.434 72.0 145 -0.578 54.0 1.04 1.18
400 100 -0.446 110 1.03 -0.628 56.0 2.02 0.88
400 10 —-0.422 90.0 1.25 -0.610 57.0 1.98 1.13
450 100 -0.425 120 1.01 -0.631 59.0 2.06 0.89
450 10 —-0.426 120 1.01 ~0.628 60.0 2.02 1.17
t("C) Frq./Hz Een(V) W,/ (mV) Ry L/l
350 10 B.L.1 -1.088 58.0 1.80 2.47
B.L.2 -1.058 51.0 2.05 2.17
400 100 B.L.1 -1.080 79.0 143 2.32
B.L2 -1.08 173.0 1.55 2.08
400 10 B.L.1 -1.040 75.0 1.51 2.19
BL.2 -1.038 65.0 1.74 1.85
450 100 B.L1 -1.023 73.0 1.66 231
B.L.2 -1.023 62.0 1.96 1.84
450 10 B.L.1 -1.002 81.0 1.50 213
B.L.2 -1.002 63.0 1.93 1.63

Egw =25 mV; AKX = 2 mV.

n-values were calculated from W,y = 1.95 RT/nF
W, 5¢ the front peak widths.

B. L.: Bage line (see Fig. 8B).

while wave 2 moved in the opposite direction as the tem-
perature was increased. The position of wave 1 was
changed only slightly. The peak height ratios of wave 2 over
wave 1, I,/I,,, are close to oné although they were slightly
higher than one at a low frequency (10 Hz). The ratio of
wave 3 to wave 1, I,/I,;, was found to be between 1.6 and
2.5; it decreased alighﬁy with an increase in ture.
The calculated n-values are given in Table V1. The n-value
for wave 1 was close to unity although errors may be pro-
duced due to the shoulder observed in the cyclic voltam-
mograms at a lower temperature (<300°C). The number of
electrons involved in wave 2 was found to be two and that
for wave 3 was between 1.5 and 2.05. These results are in
good agreement with those obtained from normal pulse
voltammograms (Table V).

Figure 9 shows typical square wave voltammograms for
the forward and reverse currents. Three anodic waves were
observed corresponding to the three cathodic reduction
waves even at a higher temperature while these anodic
waves were poorly defined in the cyclic voltamm
(Fig. 5 and 8). This may be due to the fact that the time
between reduction and oxidation in square wave voltam-
metry was so short that only a small amount of the reduced
species was consumed by the following chemical reactions.
The chemical reaction following the electron charge trans-
fer in wave 2 became faster at a higher temperature (450°C)
as indicated by the fact that the anodic wave (wave 2a)
and‘md) disappeared at low frequencies (compare Fig. 8c

Exhaustive and controlled-potential electrolyses of
Ta(V).—1t is clear that the electrochemistry of Ta(V) in
these melts is complicated by coupled chemical reactions.
Exhaustive coulometry provides additional information on
the reduction process since the n-value for each reduction
wave can be determined. The electrolyses were conducted
both at a lower temperature (ca. 200°C) and a higher tem-
perature (450°C) at different potentials. Typical results are
summarized in Table VII.

For the first reduction wave at a lower temperature (see
Fig. 3), the n-value was found to be approximately 2 when
the electrolysis was performed at —0.75 V and 210°C. This
result was quite surprising since the value of n = 1 was
found from normal pulse and square wave voltammograms
as mentioned above. The product dissolved in ethanol or
distilled water to give an essentially colorless solution.

Only a very weak band with an absorption maximum at ca.
330 nm was observed using UV-visible spectroscnpy.

The electrolysis at —1.0 V and 205°C was carried out to
investigate the last reduction wave (see Fig. 3). The voltam-
metric changes were munitored by interrupting the elec-
trolysis and using a tungsten working elecirode in this cell
to record the voltammograms [cyclic voltammograms (CV)
and square wave voltammograms (SWV)). The cyclic
voltammograms before the exhaustive electrolysis were
identical to those shown in Fig. 3b. The electrolysis current
decreased markedly from 70 to 3.6 mA in the first 2 h. It was
also noticed that the first reduction wave at the
electrode decreased with time and disappeared after 1.8 h
of electrolysis. The n-value at this point was found to be
2.73 which was close to the n-value of 2.67 for reducing
Ta(V) to the Ta;* cluster. The voltammograms showed a
significant change. Typical square wave voltammograms at
the tungsten electrode after 1.8 h are shown in Fig. 10a.
These voltammograms were very similar to those for a
Ta,Cli; cluster coating on a glassy carbon electrode in
AIC],-NaCl,,, melt (Fig. 10b). At this point the electrolysis
current had decreased to 3.6 mA, and the electrolysis be-
came very slow. We also found that the current of the
square wave voltammograms at the tungsten electrode for
the tantalum cluster gradually decreased (Fig. 10c). The
final n-value was observed to be approximately five. When
the electrolysis was completed, the waves for the tantalum
cluster disappeared, and the melt became almost colorless.

At a higher temperature, 450°C, the n-values were found
to be 1, 5, and 5 for the first, second, and third reduction
waves, respectively, from the exhaustive electrolyses at
-0.5, —0.75, and —1.0 V vs. Ag/AgCl. The melt became
greenish and finally colorless in the case of the electrolyses
at —0.75 and -1.0 V; the glassy carbon electrodes
(crucibles) were coated by a shiny metallic film. This shiny
film was identifiec as metallic tantalum by means of
x-ray diffraction.

Additional information for the second reduction wave
was extracted from the square wave voltammogram of the
melt which had been exhaustively electrolyzed at —0.5 V.
The forward widtk: was determined to be 60.2 mV, from
which the n-value of 2.02 was obtained. This result was in
excellent agreement with that given for this reduction
wave in Table VI.

Thick black deposits were formed on small Ni or Pt elec-
trodes by controlled-potential electrolyses in the potential
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The ferword end reverse wave vollommogroms of tantalum(V)
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region of the second and third cathodic waves at a temper-
ature of 450°C. The black deposit which was formed in the
thirduﬂndicwavereglonatzmso‘c was identified by
ray diffraction to contain a tantalum cluster (Ta,Cl,,)
mixedviththemelt.Gmaqueousmdethmolsoluﬁom
were obtained by dissolving this black deposit in distilled
water in air and in ethanol under an inert nitrogen atmos-
phere. Both of these solutions gave the same UV-visible
Several well-defined absorption maxima were
at 282, 330, 398, 470, 638, and 748 nm. These data
were in excellent twithKnhnanndCarley’s’
and our previous results® for Ta,Cl}; in aqueous solution,
indicating that the black deposit formed at the potential
region of the third wave contained the Ta,Cl}; cluster.

Tuble VI Enhuiive dota for TolV) in the
NaAICL-NeF (90-10 m/o) mekt.
Temperature (*C) E(V) vs. Ag/AgCl nr-value

210 -0.75 (wave 1c) 2.05

205 -1.0 (wave Sc; 2732 5.0

450 ~0.5 (wave lc 0.98

450 —0.78 (wave 2¢ 4.95
-1.0 (wave 3c] 4.98

450
* This n-value corresponds to the time when no reduction wave of
'!‘J(V)cwldbeoboewedinthecycl!cmdlqmmvevolhm-
at a Pt electrode in the same
v nvdnewutheﬂmlv:luewbmnommtorthe'l\.m,,
cluster from square wave voltammograms were observed.
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37.6 x 10~ in the NoAICl-NoF (90-10 m/o)

400°C, 10 Hx; {d) 450°C, 10 Hx;

A black deposit was also formed on small electrodes at
the potential region of the second reduction wave at 450°C.
When this black deposit was dissolved in ethanol under a
nitrogen atmosphere, a greenish yellow solution was pro-
duced. These spectra were quite different from that for a
Ta,Cl}; solution. Several well-defined absorption maxima
were obtained at 238, 282, 348, 424, 640, 760, and 826 nm.
The main absorption bands were in very good agreement
with the results of McCarley et al.** for Ta,Cli; in ethanol:
235, 274, 344, 431, 735, and 826 nm. The small absorption
maxxmnmof“ﬂnmmymdmatetbatthegmemshyellow
solution also contained a small concentration of Ta,Cl};.
Therefore, we may conclude that the black deposit formed
at the potentials of the second cathodic wave consisted pri-
marily of Ta,Cl3; cluster species.

Thin metallic tantalum deposits were also found using
ESCA on the surfaces of the small electrodes which were
obtained in the potential region of waves 2 and 3 after
dissolving the thick black deposits.

Discussion
Based on the results obtained in this work, it appears
that the electrochemical reduction of tantalum(V) in fluo-
rochloroaluminate melts is critically dependent on tesnper-
ature and is complicated by following chemical reactions.
Waves 1, 1c, and 2, 2¢.—As seen above, the first and sec-~
ond reduction waves, which are observed at a higher tem-
perature, merge into one reduction wave at lower tempera-
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tures. Therefore, we discuss these two waves in the same
section.

The first reduction wave of tantalum(V) was reasonably
well defined in the temperature range 200-450°C, regard-
less of the voltammetric method. The n-value involved in
this reduction wave was deteiminid to be one for the

voltammetric time scale at 200-450°C from normal pulse
voltammetry (Table V) and square wave voltammetry
(Table VI). Also, n = 1 was observed for a relatively long
time scale at a higher temperature (450°C) based on ex-
haustive electrolysis (Table VII). Therefore, we conclude
that the electron transfer reaction involved in this wave is
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the reduction of a Ta*™ species (believed to be TaCl;) to a
Ta" species

Ta™ + e =Ta% (3]
for short time scales at 200-450°C and for long time scales
at higher temperatures (>300°C).

The presence of a following chemical reaction is indi-
cated by the shift of the peak potential of wave 1c in the
positive direction with increasing tantalum(V) concentra-
tion. Additional evidence is provided by normal pulse
voltammetry. In the normal pulse voltammograms at tem-
peratures >350°C, the height ratios of wave 2 to wave 1 are
close to one (see Table V). However, the n-value for wave 2
is determined to be two from both normal pulse and square
wave voltammograms. The limiting current of a normal
pulse wave should be proportional to n and the reactant
concentration.* The above results may indicate that the
concentration of the product is only about half that of the
reactant. Therefore, the following chemical reaction of Ta*
ifs probably the dimerization reaction of the product as

ollows

2Ta* = Ta} (4]

which occurs slowly at <300°C.

At temperatures lower than 300°C, the differences of the
n-value, one in the voltammetric time scale, whiletwo ina
long time scale (exhaustive electrolysis, Table VII), also
support the existence of the following chemical reaction.

Wave 2 or 2c appeared only as the temperature was
increased to 300°C for square wave voltammetry and to
350°C for cyclic and normal pulse voitammetries. The
n-value from the slope of the linear relationship of E vs. In
[(Is — I)/I) was found to be two (Table V). Square wave
voltammetry also produced an n-value very close to two
(Table VI). Based on these results, it is reasonable t» sug-
gest that the electron-transfer reaction in the second ca-
thodic wave is a two-electron reduction. A well-defined
corresponding oxidation wave (2a) was observed in the
square wave voltammograms (Fig. 9) while it was not ap-
parent in the cyclic voltammograms (Fig. 5 and 6). These
results indicated that the intermediate product (Ta$") was
only stable for a very short time. The trivalent tantalum
species was also previously observed to be unstable in the
AIC1;-EMIC room temperature melt,' and acetonitrile."
This wave involved a following chemical reaction, since a
large anodic stripping wave (4a) appeared v hen a delay
time was applied at the reversal potential of the s2cond
wave (Fig. 6). The presence of a preceding chemical reac-
tion (the dimerization of Ta*) for the second reduction
wave was indicated by the change in the peak height ratios
of wave 2 over wave 1 with frequency in the net-current
square wave voltammograms; the ratio was greater at
10 Hz than at 100 Hz. These results supported the above
assumption about the dimerization reaction of Ta* (reac-
tion 4). Ta,Cl}; cluster species was found in the black de-
posit from the potential-controlled electrolysis at the po-
tentials of the second wave at 450°C using a small electrode.
According to these results, the reaction sequence is pro-
posed to be as follows

Ta$' +2e” = Ta} [51
9Ta$* = 6Ta* (or 3Ta}’) + 2Tas™ (6]

The trivalent tantalum species (Ta}') became less stable
as the temperature was increased as indicated by square
wave voltammetry (Fig. 8), i.e., the corresponding anodic
wave (2a) was less pronounced with an increase in the tem-
perature and at a lower frequency (10 Hz and 450°C).

The cluster species was slowly reduced to metallic tanta-
lum, since a five-electron transfer was observed (Table VII)
and a shiny metallic tantalum film was formed on the
glassy carbon crucible (with a large surface area) from ex-
haustive electrolysis.

At temperatures lower than 300°C the first and the sec-
ond reduction waves merged together when the tempera-
ture was decreased from 450 to 200°C in CV, NPV, and
SWV studies. Thus, it is reasonable to propose that the first
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reduction wave observed at a temperature <300°C is an
ECEC process which consists of reactions 3, 4, 5 and 6. In
this process, reaction 3 is the main reaction while the occur-
rence of the remaining reactions is limited due to the slow
following reactions 4 and 6. This reaction sequence ex-
plains reasonably well the results both from CV, NPV and
SWV (short time scale) and the exhaustive electrolysis
(long time scale). A similar reduction process was previ-
ously proposed to explain the electrochemical behavior of
Ta(V) in acidic AICl,-NaCl melts® at temperatures <200°C.
However, we also notice that the electrochemnical behavior
of Ta(V) in AICl;-NaCl,,, and NaAIC),-NaF (90-10 m/o)
melts is different from that in acidic melts. By comparing
our present and previous results, two well-separated re-
duction waves are observed in acidic melts® while only one
reduction wave appears in basic melts at low temperatures.
As mentioned in the introduction, the electrochemical be-
havior of a tantalum chloride species can be examined only
after complete removal of the oxide impurities using COCl,
or CCJ,.

A shoulder (wave 1c’) appeared in the cyclic voltam-
mograms at lower temperatures (200 and 250°C) and higher
scan rates (Fig. 3 and 4). This shoulder became less signifi-
cant at lower scan rates or as the tantalum(V) concentra-
tion or the temperature was increased. This shoulder may
be assigned tentatively to the adsorption of the reduced
species according to the theoretical treatments.*'*

Wave 3, 3¢c.—Unlike the second reduction wave which
only appeared at temperatures >300 or 350°C, this wave
was observed in the whole temperature range studied al-
though the peak height was significantly enhanced as the
temperature was increased. The product of the cathodic
charge transfer reaction of this wave seemed to be highly
unstable since the corresponding oxidation wave (3a) was
very small in the cyclic and square wave voltammograms
(Fig. 5 and 9). Instead, a large anodic stripping wave com-
posed of waves 4a and 4a’ was observed at much more pos-
itive potentials (between 0 and 0.4 V). The n-value involved
in wave 3 or 3c’ was approximately equal to two from
square wave voltammograms (Table VI). The electron
transfer reaction may be written as follows

Taj +2e” =Taj (7

The smaller and ill-defined voltammetric wave at a lower
temperature (<300°C) resulted from the limited formation
of Ta* species by the slow following chemical reaction (re-
action 4).

The product of this step, the divalent tantalum species,
decomposes quickly to form the tantalum cluster Taj* (or
Ta,C13;) and metallic tantalum, as indicated by the UV-vis-
ible spectra of the black deposit dissolved in ethanol or
distilled water and the electron spectroscopy for chemical
analysis of the electrodeposited electrode surface. The re-
sults of exhaustive electrolysis (Fig. 10) also show the for-
mation of the cluster. The following chemical reaction is
proposed

7Ta}” = 2Ta;* + 2Ta’ 8]

The exhaustive electrolysis results in the transfer of five
electrons (Table VII) and the formation of metallic tanta-
lum film. Figure 10c also shows further reduction of the
tantalum cluster. These results indicate that the Tag* clus-
ter is slowly reduced to metallic tantalum.

Waves 4a and 4a’.— From the discussion above, it is obvi-
ous that these two anodic stripping waves are associated
with the electrochemical oxidation of the tantalum clus-
ters, Ta,Cl,; and Ta,Cl,,, formed in the second and third
reduction waves (Fig. 5 and 6).
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ABSTRACT
Raman and UV-visible absorption spectroscopies indicate that the addition of WCl, or KWC, to a sodium chloride
saturated sodium chloroaluminate melt at 175°C produces the (V) hexachloride anion [WCl,} . The production of

[WC),]™ from WCI, may be attributed to the chemical reduction of the latter by the free chloride ion in this melt. [WCl,]™
can be oxidized to WC, via a reversible one-electron transfer process with a voltammetric half-wave potential of
2.077 V referenced to aluminum in a pure sodium chloride saturated sodium chloroaluminate melt. With fast scan rate
voltammetry, [Wg]:]h‘ can be reduced to [WCL >~ and [WC)J*" via two consecutive one-electron reduction processes with
half-wave poten of 1.578 and 0.818 V, respectively. Both [WCL]*" and (WClJ*" form precipitates in this melt at this
temperature. Using slow scan rate voltammetry, the reduction processes are complicated by coupled chemical reactions.
Tungsten oride, WOCL,, is stable in this melt, and can be reduced to tungsteu(V{ o:r:hloride via a reversible
one-electron reduction procesg with a half-wave potential of 1.746 V. Absorption ows that the tungsten(V)
chloride is [WOC1,}*". Fast scan rate voltammetry indicates that (V) oxychloride exhibits a two-electron reduction
process to produce a W(III) species. At slow scan rates, the reduction appears to be complicated IK coupled chemical
reactions. lgeﬁm tive characterization of the reduction mechanisms is prevented by film formation on the electrode surface

during these reductions.

Tungsten exhibits a wide variety of oxidation states,
ranging from +6 to 0; some of these states involve cluster
species such as W,Cl,;. A few years ago we reported the
results of electrochemical and spectroscopic studies of

hexachloride in AlCl;-NaCl (63 mole percent
(m/o) AIC),] melt at temperatures of 150 and 175°C.! W(VI)
was involved in an equilibrium between two electroactive
species, the hexachloride, WCl,, and the oxide tetrachlo-
ride, WOCI,. Several reduction steps were observed for
WC], before the cathodic limit of the solvent; only the first
step relsultmg in the formation of WCl; was investigated in
detail.

It is well known that the chemistry and the electrochem-
istry of some elements, including tungsten, are influenced
significantly by the modified Lewis acidity of the chloro-
aluminate solvent system.’ It has been realized in recent
years that even the purest alkali chloroaluminates contain
millimolar quantities of complexed oxides which may re-
sult from the interaction of some melts with Pyrex glass.
Therefore, we have developed methods for the removal of
oxide from alkali chloroaluminate melts based on the
treatment of melts with phosgene, COCl,, and carbon tetra-
chloride, CCl,.>*

In prior studies of W(VI) electrochemistry and spec-
troscopy in basic AlCl,-NaCl (AlCl,;/NaCl mole ratio ~ 1)
melts, oxide contamination could not be entirely avoided.>®
Therefore, we have reexamined the chemistry of W(VI) and
of the lower oxidation states of tungsten in AlCl;-NaCl
melts saturated with NaCl which have been treated with
either COCl,? or CCL.* The resuits of this work are re-
ported below.

Of direct relevance to this study is the work of Scheffler
and Hussey’ who have shown that when either WCl, or
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KWC], is dissolved in basic aluminum chloride-1-methyl-
3-ethylimidazolium chloride (Al1C1;-MEIC), [WC),]™ is ob-
tained, and this species can be reduced to [WCLJ*" and
[WCL]*" via two consecutive reversible one-electron reduc-
tion processes. The metal-bonded tungsten(IIl) dimer,
[W,Cl,])*", is also stable in this melt and can be oxidized to
[W,CLJ*", which disproportionates slowly to [WCl¢)*" and a
tungsten(II) species, which in turn is oxidized to [WClg)*~
at the same potential as that for the oxidation of [W,CL}*".
The addition of oxide to this melt did not cause any change
in the observed electrochemical behavior of the tungsten
species studied.

Other work on tungsten species in AlCl;-NaCl melts has
involved the formation of the cluster species W,Cl3* by the

" reduction of WCl, with aluminum metal at approximately

450°C in acidic (AICl,-rich) melts® and the formation of a
reduced cluster (oxidation state between +2 and 0) by the
electroreduction of W,Cl,, in acidic AlCl;-NaCl melts.

Relatively few studies of the electrochemistry of tungsten
chlorides in other molten salt systems have been reported.
Several investigations of the electrochemical behavior of
different tungsten chlorides in molten LiCl-KC1'*"* have
been published. For example, Zuckerbrod" reported that
W(V) can be reversibly reduced to W(IV), which can be
reduced further to W(II) in the LiCl-KCl eutectic, while
Sequeira' claimed that W(V) was reduced to W(III) in the
same melt. Katagiri et al.” have obtained coherent metallic
tungsten deposits from the ZnCl,-NaCl melt through the
reduction of WCl, at 450°C.

, Experimental

Dry box system.—Because of the air- and moisture-sen-
sitive nature of the tungsten compounds and of the moiten
salts used, these materials were handled under a nitrogen
atmosphere inside a VYacuum Atmospheres dry box
equipped with a dry train/oxygen removal column. The




moiature level jnside this dry box was typically less than
2ppm.

Chemicals. -The aluminum chloride was obtained from
Fluka (anhydrous, 89%) and purified twice by sublimation
at 210°C. The sodium chloride was obtained from Fisher
Scientific and was dried under vacuum at 450°C for 4 days.
The chloroaluminate melts were prepared by mixing the
appropriate amounts of aluminum chloride and sodium
chloride. Pieces of aluminum metal (AESAR, 99.999%)
were added to the melt to remove the base metal impurities
in the melt. Finally, the melts were treated with COCl, * or
with CCl, * to remove oxide impurities.

Tungsten hexachloride, WCl,, and tungsten oxide tetra-
chloride, WOCL,, were obtained from Aldrich (99+%) and
purified by sublimation at 180 and 110°C, respectively.
WCI, was obtained from Aldrich (97%) and used without
further purification. Potassium hexachlorotungstate(V),
KWCl,, potassium hexachlorotungstate(IV), K,WCl,,
and tripotassium nonachloroditungstate(Ill), K,W,Cl,,
were synthesized following the procedures described
previously.®

Electrochemical measurements.—The electrochemical
cell contained four electrodes. A glassy carbon disk (with a
geometric area of 0.071 cm?) served as the working elec-
trode. The counterelectrode was an aluminum spiral which
was immersed in a pure AIC1;-NaCl,,, melt separated from
the bulk solution with a fine porosity frit. The use of an
aluminum spiral as the counterelectrode was critical for
exhaustive controlled potential electrolysis experiments;
the use of other metals such as platinum or tungsten led to
unsatisfactory results. A small hole at the top of the coun-
terelectrode above the melt balanced the pressure between:
the counterelectrode compartment and the bulk cell com-
partment. The reference electrode consisted of an alu-
minum wire immersed in an AlCl;-NaCl,,; melt and sealed
in a thin Pyrex bulb. A platinum wire directly immersed in
the bulk melt was used as a quasi-reference electrode. Dur-
ing the electrochemical experiments, the potentials were
referenced to the platinum quasi-reference electrode, since
the resistance across the Pyrex membrane of the reference
electrode was very high. After each experiment, the poten-
tial was corrected with respect to the aluminum reference
electrode by measuring the open-circuit potential between
the aluminum reference electrode and the platinum quasi-
reference electrode. The entire electrochemical cell was
heated in a furnace and the temperature was controlled at
175°C unless otherwise specified.

Electrochemical experiments were performed with
Princeton Applied Research (PAR) Model 273 potentiostat/
galvanostat controlled with an IBM PC and PAR M270 soft-
ware.

Raman spectra.—Raman spectra were acquired with a
scanning Jobin-Yvon 2000M 1 m focal length double
monochromator. was controlled by an Instru-
ments S. A. (ISA) 980015 Controller. The excitation wave-
length was the 488.0 or 514.5 nm line from a Coherent In-
nova Model I100-15 argon ion laser. The tungsten
compounds produced highly colored solutions which were
somewhat difficult to analyze by conventional 90° scatter-
ing. Although the laser beam path was 90° to the collection
lens of the monochromator, scattering from the front sur-
face of the square cell, taking care to direct the specular
reflectance away from the collection lens, produced the
best signals. The laser power was typically set to 200 mW.
The monochromator slits were set to give a bandpass of
3 cm™'. Raman signals were detected by an RCA C31034A
photomultiplier tube mounted in a Products for Research
thermoelectrically cooled photomultiplier tube (PMT)
housing. The PMT output was connected to a Pacific In-
struments amplifier/discriminator for pulse shaping for
photon counting by a Pacific Instruments Model 126 Pho-
tometer. A trigger on the ISA controller controlled data
acquisition by a Keithley Metrabyte CDAS-8PGA plugged
into an IBM PS/2 Model 55SX computer. The software was
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written by Professor Bernard Gilbert at the University of

Liege.

Spectroscopic measurements.— Absorption spectra in
the UV-visible region were recorded with a Hewlett Pack-
ard 8452A diode array spectrophotometer. While COC], or
CCL, treatment helped to minimize the oxide level in the
chlorocaluminate melts, millimolar oxide concentration re-
mained even after the treatment. Therefore, a sufficient
amount of the appropriate tungsten compound was added
to the melt to ensure that the relative concentration of oxo-
tungstate species produced was much lower than the con-
centration of the analyte. The resulting solutions required
narrow spectroscopic cells. The shorter paths were
achieved by placing a 0.9 mm wide quartz insert into a
1 mm pathlength quartz cell.

WCl, and KWCl,,—The addition of either WC]; or KWCl,
to the AICl;-NaCl,,, melt at 175°C produced a yellow solu-
tion. Upon cooling, the frozen solutions turned blackish
green, a color similar to that of solid KWCl,. Raman spectra
of these solutions are illustrated in Fig. 1. The observed
band frequencies of the stronger bands of the tungsten spe-
cies are listed in Table 1. The Raman spectrum for the pure
melt in Fig. 1d exhibits bands at 120, 184, 350, and
490 cm ™. Figure 1b shows the Raman spectrum of 98.9 mM
KWCl,. 1 AlC];-NaCl,,,. In addition to melt bands, only one
major band at 394 cm™' is present. This band can be as-
signed to the v, vibration of [WCL]'". ' The Raman spec-
trum of 100.3 mM WC, in AlCl,-NaCl,, is shown in Fig. 1a.
Two bands at 394 and 410 cm ! are observed along with the
solvent bands. Tanemoto et al. ® previously reported a band
for WCl, in AIC1,-NaCl,,, at 410 cm™* which was attributed
to the v, vibration of WCl,. These results were supported by
the results of other Raman studies of WCl;.!” However, the
concentration of W(VI) examined in this study was lower
than the solution concentration studied by Tanemoto et al.®
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Table L. Resmon speciroscopic data for the sirang bands
of tungsten complexes.

Species Wave numbers Ref.
WCQl, in AlCl,-NaCl 4103 {v)) [}

3 7 m/o) 238°C
WCl, salid 4108 (v)) 17
WCl, in Cl'aN 437s(v,) 22
WC), in AlCl,-NaCl,, 394 m, 4108 this work®
WCl, in AICl,-NaCl,,, 3gdm this work®

excess Na

KWC], in AICl,-NaCl,, 384 m this work®
(W 382 m(v,) 16
W 411 m (v) this work

* la

b m 1c

y 1b.
Amﬂom: 8, strong; m, medium.

The most likely species giving rise to the band at 394 cm™*
is [WCL]'" by comparison with the results for KWCl, in
solution. These results suggest that WCl, must have reacted
with the melt to produce [WCL)! . It is likely that WCl, was
reduced by the free C1™ ions in the melt. Consequently, the
conversion of WCl, to [WCl,)!~ depends upon the concen-
tration of available Cl™ ion in the melt. In a typical AICl;-
NaCl,, melt, the Cl- concentration is normally about
30 mM, '* and thus not all of the WCl, that was added to the
melt in Fig. 1a can be reduced to [WCl]'". When an AICl,-
NaCl,,, melt containing 98.1 mM WCl, was treated with an
excess amount of NaCl to ensure that sufficient C1~ was
available, and kept molten at 200°C for 72 h, the Raman
spectrum shown in Fig. 1c was obtained. The decrease in
the intensity of the 410 cm ™! band along with a~ increase in
the 394 cm ™! band with the addition of excess chloride sup-
ports the argument that chloride ion reacted in solution
with WCl, to produce (WCL]'". It is apparent from this
figure that the band at 410 cm™' was reduced significantly
while the band at 394 cm™ was increased.

UV.visible absorption spectra were obtained for solu-
tions prepared by dissolution of either WC); or KWCl, in
AIC),-NaCl,,, melt. These spectra are shown in Fig. 2. The
wavelengths and relative intensities observed in this figure
are compiled in Table II. The spectra of the WCl, and
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Table Il. Absorplion Spectroscopic Data for Tungsten Complaxas.
Solute Solvent Amex, M Ref.
WCl, vapor 225(m), 275(sh), 330(s), 1
375(sh), 430(w)
WCl, basic 275(sh), 299(s), 347(m), 1
AICL,-MEIC 390 (sh.
KWCl, basic 275(sh), 298(s), 350(m), 7
AIC],-MEIC 380(sh
KWCl, CH,CN 246(m), 275(sh), 297(s), ki
347(m), 390(sh)
WCl, - AlCl,-NaCl,,, 288(s), 338(m) this work
KwCl, AlC);-NaCl,,, 288(s), 338(m) this work
WOCL, vapor 220(s), 250(sh), 270(sh), 1
355(s), 460(w)
WOCl, toluene 355(s) 23
WOCL, AlCl,-NaCl 228(s), 360(s) 4
(63-37 mol%)
WwWOCl, AlCl;-NaCl,,, 230(s), 360(s), 460(w) this work
Cs,WOCl, HCl,, 225(s), 265(s), 305(sh), 1
397(w), 704(vw)
KWCl, AIC1;-NaCl,,, 268(s), 306(sh) this work
excess Na,CO,

Abbreviations: s, strong; sh, shoulder; w, weak; vw, very weak.

KWC], solutions are essentially identical to one another.
Furthermore, they are similar to the spectra reported for
[WCl,)'" ion dissolved in the basic AlCl,-MEIC room-tem-
perature meit.” The spectra for wavelengths shorter than
240 nm are not included for these solutions, since the UV
cutoff of the melt occurs near this wavelength. Neverthe-
less, these results strongly support the Raman results; i.e.,
WCl, dissolved in AlCl,-NaCl,,, exists as ionic [WCl}'" in-
stead of molecular WCl,, provided that there is sufficient
Cl™ ion in the melt. The conversion of WCl, to [WCl,]'~ has
been reported previously in the basic Al1C1,-MEIC melt.” In
addition, this type of chemical reduction has been observed
for xgolybdenum(VI) compounds in the AICI,-NaCl,,
melit.

Slow scan rate cyclic voltammograms of solutions pre-
pared by the dissolution of WCl, in AlCl,-NaCl,,, were ob-
tained at a glassy carbon disk electrode. These voltam-
mograms are essentially the same as those obtained for
solutions of KWCI, under the same conditions. The similar-
ity of these voltammograms again supports the contention
that addition of WCl, to the AlCl,-NaCl,,, melt produces the
(WCl}!~ ion. Illustrated in Fig. 3 is a typical cyclic voltam-
mogram for an AlCl;-NaCl,,, melt containing {WCl]". The
rest potential of the glassy carbon working electrode im-
mersed in this solution is ca. 1.850 V. When the cyclic
voltammogram is slowly scanned in the positive direction
from the rest potential, one oxidation wave, Wave la, with
a peak potential of 2.125 V is observed. This oxidation wave
exhibits a reverse reduction wave, Wave 1c. The average
peak potential separation, AE,, of this wave over the range
of scan rates from 0.02 to 0.5 V/s is 0.092 V at 175°C. This
value is in excellent agreement with the theoretical value of
approximately 0.089 V expected for a reversible, one-elec-
tron electrode reaction at this temperature. In addition, the
peak current ratio, iy/i;, which was calculated using
Nicholson’s empirical method,? varies from 1.0 to 0.98 over
this range of scan rates. The peak current function, i3/v'?,
where v is the scan rate, was essentially constant for a se-
ries of voltammograms that were recorded over this same
range of scan rates. The half-wave potential, E,,, which
was calculated using the equation E,, = (E; + E;)/2, for
these voltammograms, was basically constant with an av-
erage value of 2.076 V. The limiting oxidation current, i,
from the normal pulse voltammetric data in Fig. 4a was
used to prepare a plot of log [(i, — i)/i] vs. E. A linear plot
was produced. The E,, determined from the intercept of
this plot was 2.079 V, and the n value calculated from the
slope of this plot was 1.04. These results suggest that oxida-
tion Wave la corresponds to the reversible one-electron
charge-transfer process

[WCL]'" 2 WCL, + e~
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where the product WCl, is stable on the voltammetric time
scale but reacts slowly with the melt to produce (WClJ*".

Figure 3 shows that when cyclic voltammograms were
scanned in the negative direction from the rest potential,
one reduction wave (Wave 2c), with a peak potential of
1.527 V, and three closely spaced reduction waves at
1.198 V (Wave 3c), 0.766 V (Wave 4c) and 0.606 V (Wave 5¢)
followed by a shoulder (Wave 6c) on a large wave (Wz.'e 7c)
at 0.185 V were observed.

The reduction Wave 2c is associated with a reverse oxida-
tion wave (Wave 2a). Analysis of this reduction wave sug-
gests that it corresponds to a one-electron reversible
charge-transfer process on the voltammetric time scale;
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i.e., the average AE, is about 0.089 V, iy/i; is essentially 1.0,
the cathodic peak current is linearly proportional to the
square root of the scan rate, and E,, is constant with an
average value of 1.576 V over the scan rate range 0.02 V/s to
0.5 V/s. In addition, plots of log [(i, — i)/i] vs. E for the first
reduction wave in Fig. 4a and 4b were linear giving an
average E,, value of 1.580 V and an n-value of 0.97. There-
fore, reduction Wave 2c appears to arise from the following
reaction

[WCL)'™ +e” & [WCLJ*™

Exhaustive controlled potential reduction experiments
were performed with solutions of [WC)]'™ at an applied
potential of 1.400 V at a glassy carbon plate electrode in an
attempt to determine if [WCL}*" was completely stable in
the AIC1;-NaCl,,, melt. Based on the initial number of moles
of [WCl,)'~ present in the solution and on the total charge
consumed during the electrolysis, the n-value for this re-
duction was essentially one. This result is in agreement
with cyclic voltammetric and normal pulse voltammetric
data. At the end of the electrolysis, a dark purple precipi-
tate was present or the bottom of the electrochemical cell
along with a faint pink solution. When the solution was
allowed to sit overnight, the pink color disappeared. This
result indicates that the [WCL}*" complex ion is either in-
soluble or unstable in the melt. The attempted dissolution
of K;WCl, or WCJ, in the AICl;-NaCl,,, meit also produces
a dark purple precipitate.

At slow scan rates the reduction Waves 3c to 7c in Fig. 3
become complicated. The electrochemical behavior of these
waves depends upon the switching potentials and scan
rates. If the direction of the potential scan is switched right
after Wave 3c, a small reverse oxidation Wave 3a and a
symmetric sharp stripping oxidation wave, Wave 3a’, are
observed. This anodic stripping wave disappears if the
cathodic potenticl scan is switched after Wave Sc. The re-
duction Wave 5c¢ also exhibits a peak-shaped character. It
was observed that when the scan rate was increased, the
peak currents for Waves 3¢, 5c, and 3a’ decreased but the
peak current for Wave 4c increased. These results suggest
that at slow scan rates, the reduction product of Wave 2¢
undergoes a chemical reaction to give some compound
which is reduced at Wave 3c. The product of Wave 3¢ may
be deposited (or adsorbed) on the electrode surface and this
deposit could be reoxidized at Wave 3a’ or further reduced
at Wave 5c. As the scan rate is increased, the chemical reac-
tion following Wave 2¢ becomes less favorable, thus ~esult-
ing in the decrease in the peak currents of Waves 3c, 3a’,
and 5c¢. The reduction Wave 4c may be due to the reduction
of the product of Wave 2c. At scan rates higher than 10 V/s,
the voltammograms are greatly simplified; i.e., Waves 3c,
3a’, and 5c essentially disappear, and Wave 4c becomes
much raore prominent. Figure 5 shows the cyclic voltam-
mogram obtained at a scan rate of 40 V/s, the practical scan
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limit of our experimental system. It can be seen that Wave
4c is associated with an anodic Wave 4a. The peak current
of Wave 4c is approximately equal to that of Wave 2¢ andy
or Wave la. Alao, the peak potential separation between
Waves 4c and 4a is essentially equal to that between Waves
2c and 2a. The larger peak potential separation for the
cyclic voltammograms obtained at these high scan rates
may arise from the uncompensated IR drop. Although the
peak potential separation increases with scan rate, E,,,
calculated over the scan rate range of 10 to 40 V/s is essen-
tially constant with an average value of 0.810 V. Figure 4a
shows that normal pulse voltammogram for a solution con-
taining (WCl,]" at a short pulse width. In this figure the
magnitude of the limiting current of Wave 4c is essentially
the same as that of Wave 2c. The plot of log [, — i)/i] vs. E,
which utilized the data obtained from this figure for Wave
4c¢, is linear. The slope of this plot gives an n value of 0.99
and the intercept of this plot gives an E,, of 0.826 V. Taken
together, these results indicate that at high scan rates, Wave
4c is due to a reversible, one-electron charge-transfer pro-
cess. This reaction may be expressed as
[WClJ* + e # [WCl)*"

Exhaustive controlled potential reduction experiments
were performed for AlCl,-NaCl,,, melts containing {WCl,])~
at a glassy carbon plate electrode with the potential con-
trolled at 0.75 V. The charge consumed by this reduction
revealed an n -value of two indicating that [WCls] - was re-
duced to [WCL]*~. When the reduction was completed, the
solution turned clear and a dark precipitate was observed
on the bottom of the cell indicating that [WCL)*" was con-
verted to an insoluble species. We were unable to dissolve
the green K,W,Cl, in the AIC1;-NaCl,,, melt to obtain a
W) solution.

The last two reduction waves, Waves 6¢ and 7c in Fig. 3,
extensively overlap with each other. If the potential scan is
reversed right after Wave 6c¢, no significant reverse oxida-
tion wave associated with Wave 6¢ can be observed. If the
potential scan is reversed after Wave 7c, a reverse oxidation
Wave 7a appears. The product of the reduction Wave 7¢
may form an insoluble film on the electrode surface since
the vurrent was not reproducible and increased each time
after this wave was traversed unless the electrode surface
was cleaned by stepping the potential to 2.00 V for several
seconds. Furthermore, a large oxidation wave occurred at
approximately the same potential as Wave 1a and was asso-
ciated with Wave 7c. During a bulk controlled potential
electrolysis experiment, conducted at 0.0 V, the current did
not decay with time. Consequently, the n-value could not
be determined from these experiments. A major difficulty
for the study of this wave comes from the fact that this
wave occurs too close to the cathodic limit of the melt.
Wave 7c in Fig. 3 is similar to the cyclic voltammogram
observed for W,Cl,, dissolved in an acidic AlCl,-NaCl
melt.® Thus, Wave 7c in Fig. 3 may be due to the reduction
of W(II) chloride. However, we could not obtain enough
evidence to prove this postulate because the solubility of
W.Cl“, ].ike that of K,WC]., in the AlCl,-NaCl.. melt was
very low.

The complexity of the electrochemistry of the [WCl )~
species in this melt can be illustrated using the normal
pulse voltammogram with longer pulse width shown in
Fig. 4b. Conclusions similar to those obtained from the
cyclic voltammetric data can be drawn from normal pulse
voltammetry.

WOC!,.—The dissolution of WOCI, in the AlCl,-NaCl,,,
melt at 175°C produces a reddish orange solution. A UV-
visible spectrum of this solution is shown in Fig. 6 with the
relative intensities and wavelengths of each absorption
peak collected in Table II. The absorption bands are essen-
tially identical to those reported for WOCL, in the gas phase
and those in the acidic AlCl,-NaCl' melt indicating that
WOC], is indeed stable in the AICl,-NaCl,,, melt at this
temperature. However, WOC], is fairly volatile at 175°C,
and reddish orange WOCL, crystals can be seen on the cell
walls above the melt.
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Cyclic voltammograms obtained at a glassy carbon elec-
trode for a solution of WOCL, in the AlCl,-NaCl,, melt at
175°C are shown in Fig. 7. The rest potential for this solu-
tion at a glassy carbon electrode was 2.030 V. When the
cyclic voltammogram was scanned anodically from the rest
potential, no oxidation wave was observed until the anodic
limit of the melt. When the cyclic voltammogram was
scanned in the negative direction, a well-defined reduction
wave with a peak potential of 1.692 V followed by five
closely spaced reduction waves at peak potentials of
0.951 V (Wave 2c¢), 0.798 V (Wave 3c), 0.650 V (Wave 4c),
0.331 V (Wave 5c), and 0.176 V (Wave 6c) were observed.

The reduction Wave 1c in Fig. 7 is associated with the
reverse oxidation Wave 1a. Data collected from the voltam-
mograms for this redox process recorded at scan rates
ranging from 0.01 to 0.5 V/s exhibit the criteria for a re-
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versible, one-electron charge-transfer reaction; i.e., con-
stant peak potential separation with an average value of
0.095 V, a unit peak current ratio, and a linear relationship
between the cathodic peak current and the square root of
the scan rate. The values for E,;, calculated from these
voltammograms are essentially constant with an average
value of 1.743 V. Typical normal pulse voltammograms for
WOC], solution are presented in Fig. 8a and 8b. The plots cf
log [(i, — i)/i] vs. E, constructed from the data in these
tigures for Wave lc, give an n value of 1 and an E, , value of
1.748 V, which iz in good agreement with the value obtained
from cyclic vol data.

Although the oxidation state of tungsten in WOCI, is the
same as in WCl,, WOC], is not reduced by the Cl™ in the
AICL-NaCl,,, melt. The stability of WOCI, in this melt can
be understood by comparing the half-wave potentials of
these two tungsten complexes. The E,, of WOCL, is more
negative than that of WCl,, and is sufficiently far from the
oxidation potential of Cl1~ that C1~ does not reduce WOC],.

Exhaustive controlled potential electrolysis experiments
were conducted at a potential of 1.600 V to determine if the
reduced WOC], was stable in the melt. However, the WOCI,
vaporizes from the melt and contaminates the counterelec-
trode melt by entering the pressure-balancing hole for the
counterelectrode. During the electrolysis, the reduction
current rapidly decayed toward zero, and the total charge
consumed experimentally was much less than the theoreti-
cal value for a one-electron reduction. After the reduction
was completed, the solution turmed bluish-green while the
counterelectrode compartment turned reddish orange.
Consequently, the experimentally determined charge for
the reduction of WOC], was less than the expected value.
Cyclic voltammograms were recorded for the reduced
WOC], solution, and the same redox couples that were
present in the WOCL, solution were still present in this solu-
tion. However, the one-electron reduction product of
‘WOC)L, was now the principal electroactive species present
in this solution.

The tungsten(V) oxychloride complex also can be ob-
tained by the reaction of oxide with [WCl,]"~. When excess
oxide as Na,CO, was introduced into a solution of {WCl,]~
in AICl1,-NaCl,,, melt at 175°C, the yellow solution slowly
turned bluish green. An absorption spectrum in the UV-vi
ible region recorded for this solution is depicted in Fig. 9.

Absorbance

0.20 A

0.000 — — - '
300 400 500 600

Wavelength (nm)

9. Absorption spectrum of 19.2 X 10°M WV) in c AKKY;-
mciuponllodﬁondmNo,CO,dWS’C.

The data collected from this figure are summarized in
Table II. These data agreed well with those reported for the
[WOCL)*" complex.”

‘The reduction Waves 2¢, 3c, 4c, 5c, and 6¢ (Fig. 7) appear
to involve coupled chemical reactions. At present, the reac-
tion sequence for these reductions cannot be determined;
however, the following observations about these reduction
waves are provided. Although Waves 2c, 3c, and 4c are dis-
tinguishable at slow scan rates (<2 V/s), these three waves
collapsed into a single wave at high scan rates. Figure 10
shows the cyclic voltammogram obtained at a scan rate of
40 V/s. Waves 2c, 3c, and 4c have merged into one wave,
which exhibits a peak potential of ca. 0.650 V and a peak
current approximately twice the magnitude of the peak
current observed for Wave 1c. However, there is no reverse
oxidation wave associated with this wave suggesting that
sorrie coupled chemical reaction is involved. The normal
pulse voltammogram, shown in Fig. 8a, with shorter pulse
width exhibits three major reduction waves. The limiting
current ratios of these waves are approximately 1.0 : 2.0 :
2.0. These results together with the results from the fast
scan cyclic voltammograms suggest that the second reduc-
tion wave (the reduction wave at 0.650 V in Fig. 10) may be
due to the reduction of W(V) oxychloride to W(III) oxychlo-
ride species at the short voltammetric time scale. The third
reduction wave (Fig. 10) is probably a combination of two
reduction processes as judged from its shape. A normal
pulse voltammogram obtained at a longer pulse width is

Current

2,600 2200 1.800 1.400 1.000 0.600 0.200 -0.200 -0.600
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shown in Fig. 8b. It appears to be more complicated possi-
bly due to film formation. These results are essentially the
same as those obtained from the slow scan cyclic voltam-
mograms shown in Fig. 7.

When the cyclic voltammograms of WOC), (Fig. 7 and 10)
are compared to the cyclic voltammograms of WC); (Fig. 3
and 4), within experimental error, Waves 5¢ and 6c ob-
served in the cyclic voltammograms of WOC], are essen-
tially the same as Waves 6¢ and 7c in the cyclic voltam-
mograms of [WCL]". This observation suggests that Waves
Sc an 6¢ in the cyclic voltammograms of WOCL, and Waves
6c and 7c in the cyclic voltammograms of (WCl,]™ may be
due to the same reduction processes. Thus, it is possible
that tungsten oxychlorides with oxidation states lower
than +3 are unstable in the AlCl,-NaCl,,, melt at the operat-
ing temperature (175°C) and are converted to tungsten
chlorides. With this assumption, the final reduction orod-
ucts of WCl; and WOC), in this melt may be the sam_.

Condusion and Summoary

This study shows that WC], is reduced by AlCl,-NaCl,,,
melt to [WC,]"; the reduction is related to the C1™ concen-
tration in the melt. Using fast scan rate cyclic voltammetry,
{WCL,])™ can be reduced electrochemically to [WClJ*~ and
[WCL]'~ through two successive one-electron charge-
transfer processes. Both [WCl,]*~ and [WC),)*" form precip-
itates in the melt on a long time scale. The solubilities of
K,;WCl, and K,W,C), as well as W,Cl,, were found to be very
low in this melt. WOC), is stable in the melt and can be
reduced to tungsten(V) oxychloride through a reversible
one-rlectron reaction. The addition of oxide to [WCl,]™ in
melt also produces tungsten(V) oxychloride complex,
which is identified as [WOCL}*". The formation of tung-
sten(V) oxychloride in AICl,-NaCl,,, melt is different from
the results reported for basic A1C1;-MEIC melts.” Tungsten
oxychlorides with oxidation states lower than +3 appar-
ently are converted to tungsten chlorides.

There was no evidence of tungsten metal formation in
this study. However, additional work in our laboratory
shows that electrodeposition of metallic tungsten may be
achieved in a sodium tetrachloroaluminate-sodium fluo-
ride (NaAlCl,-NaF) melt at temperatures higher than
850°C. * The temperature effect on the electrochemical be-
havior of these tungsten complexes will be studied further.
Experiments based on the use of spectroelectrochemical
techniques, may be necessary to resolve the reduction se-
quence of these tungsten complexes fully.
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Appendix 4

A Reinvestigation of the Electrochemical Behavior of
Nb(V) in AICl;-NaCl,; and Related Melts

K. D. Sienerth

Department of Chemistry, Virginia Military Institute, Lexington, Virginia 24450

E. M. Hondrogiannis* and G. Mamantov**
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600

ABSTRACT

The electrochemxs:z’ and spectroelectrochemistry of Nb(V) in molten sodium chloroaluminate saturated with NaCl at
178°C were re-examined. It was determined that previous studies involved solutions of high oxide content. The reduction

of NbCl, in oxide-free melts was found to p

via four steps at short times and low concentrations. At higher concen-

trations and long times, the reduction sequence was complicated by a chemical reaction which follows the initial reduction

step. The effect of temperature on the electrochemistry

of Nb(V) in sodium chloroaluminates and fluorochloroaluminates

was examined; temperature had a marked effect on the behavior of Nb(V) in these melts, but no significant differences were

in these melts met with limited success.

Prior to the early 1970s, the possible influence of dis-
solved oxide species on solutes in molten salts was not con-
sidered in most investigations. Beginning with the latter
part of that decade, researchers began to realize that the
presence of even fairly low levels of oxide species in the
melts could have a marked effect on solute chemistry and
electrochemistry,*"! especially when work at low solute
concentrations was attempted. Polvakov and coworkers'*
investigated the electrochemistry of K,NbF. in KCI-KF
[55-45 mole percent (m/0)}, and found that in the absence of
oxide, Nb(V) was reduced to niobium metal in two well-de-
fined, reversible steps (Nb(V)/Nb(IV) and Nbh(IVY/Nb(0)}.
The addition of oxide in the form of Nb.O, produced more
complicated results. Initial small quantities of oxide

* Electrocnemical Society Student Member.
** Electrochemical Society Active Member.

observed between melts with and those without fluoride. Attempts to produce electrolytically niobium metal from Nb(V)

caused the two waves due to the reduction of [NbF;]*
to decrease, and resulted in a new wave. When the
K.NbF;:Nb,O; ratio reached 3:1, the original two waves
had disappeared completely, and only the new wave was
noted. Analysis of this wave revealed that it corresponded
to the five-electron reduction of Nb(V) to the metal. These
researchers proposed that this wave was due to the reduc-
tion of the niobium oxyfluoride compiex [NbOF,]J*~.

Lantelme er al.® studied the effect of oxide added to a
LiCl-KCl solution of Nb(V), where they initially observed
two waves [Nb(V)/Nb(IV) and Nb(IV);Nb(II)]. Upon the
addition of oxide, both waves decreased in height. and fi-
nally completely disappeared when he O*"/Nb(V) ratio
had reached approximately two.

Sun and Hussey' examined the electrochemistry of nio-
bium chloride and oxychloride in basic AICl,-1-methyl-3-
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ethylimidazolium chlaride (AlC1;-MEIC]).room tempera-
ture melts. They found that (NbCly] ™ Gould be reduced in
two one-electron reversible steps to [NDCL)*™ and
INDCL]*", with E,,sof 0.17 and —0.93 V, respectively, vs.
Al(IIT)/Al. Upon the addition of oxide to the meit, [NbCl]~
was converted to -, and this oxychloride moiety
was reduced to I** in a one-electron quasi-re-
versible reaction with a formal potential of ~0.521 V. These
workers found that the oxychlorides could be converted to
their respective chlorides in this melt by reaction with
phosgene.

Ting et al. in our laboratory** studied the electrochemical
behavior of Nb(V), added as NbCl,, in the AlCl,-NaClgr
melt. The results of that study indicated that Nb(V) was
first reduced in a one-electron step to Nb(IV), followed by
three further reduction steps resulting in subvalent nio-
bium chloride cluster species which were quite stable, pre-
venting reduction to metallic niobium. These resuits were
evaluated in terms of the reduction of NbCl,, and a reduc-
tion sequence involving only niobium chioride species was
proposed; the studies were conducted at a time when the
importance &f oxide impurities in molten salts was not
fully understood. It has recently been demonstrated® that
our prior results*® were erroneous in that the melts utilized
in the studies probably contained quite high levels of oxide
impurities.

Our group has found phosgene to be effective also in the
removal of oxide impurities from the AIC},-NaCly,r melt.’
Recently, we have reported' that the removal of oxides
from this melt can be accomplished with ease by treatment
with carbon tetrachloride. The development of oxide re-
moval methods has made feasible the reinvestigation of the
electrochemistry of Nb(V) in oxide-free melts. We report
here the results of studies of the electrochemical and spec-
troelectrochemical behavior of Nb(V) in oxide-free sodium
chloroaluminate and chlorofluoroaluminate melts.

Experimental

Due to the hygroscopic nature of the melts and solutes
used, all work was conducted in an inert-atmosphere dry-
box (water level <2 ppm) or in sealed Pyrex or quartz cells.

Chemicals.—Sodium chloride (Mallinkrodt, analytical
reagent grade) was dried under vacuum (<50 mTorr) at
450°C in a Pyrex tube for >48 h. Anhydrous aluminum chlo-
ride (Fluka, puriss grade, >99%) was purified by distil-
lation as described in Ref. 11. Sodium fluoride (Alfa, pura-
tronic, 99.995%) was used as received. Carbonyl chlo-
ride (Matheson Gas, 99.0%) and carbon tetrachioride
(Mallinkrodt, 99.9%) were used as received. Niobium pen-
tachloride (Alfa, 99.9%) was purified by sublimation as
described previously.*!® Sodium carbonate (Mallinkrodt,
analytical reagent grade) was dried under vacuum at 300°C
for >48 h, and then was transferred to the drybox aad
stored until used.

Melts were prepared as described previously,”® and were
treated either in bulk or in situ (in the electrochemical cell)
with phosgene®* or CCl,. *

Electrode materials.— Voltammetric working electrodes
were constructed from tungsten or platinum wire. Coun-
terelectrodes were made from glassy carbon rod or from
platinum foil. Platinum wire quasi-reference electrodes
were used, and were monitored with respect to an AgCl
(saturated, in AlCl;-NaClg,;)/Ag reference electrode en-
closed in a thin glass bulb. All potentials reported herein
are given vs. the Ag(I)/Ag reference.

For controlled potential coulometry, the working elec-
trode was a glassy carbon cup; the counterelectrode was an
aluminum coil, separated from the bulk melt by a medium-
porosity frit; and the reference electrode was an aluminum
wire in AlCl,-NaClg,r, separated from the bulk melt by a
fine-porosity frit.

The thin layer working electrode for the spectroelectro-
chemistry was constructed from platinum gauze (Aesar, 52
mesh woven from 0.1 mm diam wire. 99.9%).
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Cathodes in the electrodeposition experiments were con-
structed using either nickel plates or tungsten foil. Nio-
bium metal anodes, either coiled wire or plates, were used.

Instrumentation.—Electrochemical measurements were
conducted using a Princeton Applied Research Mode!
(PAR) potentiostat-galvanostat, PAR Model 273, with
control from an IBM PS/2-70A computer and the PAR
Model 270 electrochemical software. A Hewlett-Packard
Model 8452A diode array spectrophotometer was used to
obtain UV-visible spectra. High-temperature spectra were
obtained with the use of a water-cooled furnace which
was designed and constructed infibuse. A Perkin-Elmer
PHI5000 ESCA and a Siemens D-500 x-ray diffractometer
were used for analysis of electrodeposition products.

Results Obtained at 178°C

In prior studies conducted in our laboratory** four waves
were observed during voltammetric reduction of Nb(V),
added as NbC], in AICl,-NaCly,r at 178°C; these waves ex-
hibited cyclic voltammetric (CV) peak potentials of ~0.09,
—0.24, —0.46, and —0.75 V, respectively. In the present stud-
ies, the voltammetric response observed at 178°C for NbCl,
solutions in AlC),-NaClg,y which had been treated with
phosgene or CCL, differed significantly from that reported
previously,*® especially with respect to the peak potential
of the initial reduction wave. A typical C# is shown in
Fig. 1a (solid line); the four main waves have peak poten-
tials of 0.114, —0.293, —0.482, and -0.809 V. However,
when an excess of oxide had been added to the melt, in thr
form of Na,CO,, CVs nearly identical to those reported by
Ting** were obtained (see Fig. 1b); the peak potential of the
initial reduction wave iu Fig. 1b is —0.081 V. No ckange in
the melt potential limits was observed; the Ag(I)/Ag refer-
ence electrode was clearly not affected by the addition of
oxide.

The UV-visible spectrum for a solution of 15 mM NbCl,
in the AlICl;-NaCls,r melt, prepared using a COCl.-treated
melt, at 200°C, gave two main bands with maxima at 238
and 284 nm, and a shoulder at 320 nm, indicating that
NbCl, was the main species present in the melt along with
some [NbCl,]~. *"*. It has also been demonstrated using
UV-visible spectroscopy® that the dominant initial species
in the melts used by Ting** was probably a niobium oxy-
chloride moiety formed by the reaction of NbCl, with oxide
contaminants, which likely existed in the melt at fairly
high levels.

Cyclic voltammetry (CV) at 178°C.—Solutions of NbCl,
in AlC1,-NaClg,r at 178°C were investigated at concentra-
tions ranging from 5 to 30 mM using various voltammetric
methods. In general, the solutions were treated in situ with
CCl, after each addition of NbCl, to ensure the elimination
of any inadvertently introduced oxide impurities.

0 0s 05§ a0

00
EiV) vs Ag(ivAg

Fig. 1. Cydic voltommogram of Nb{V] obiained in AlCl,-NaCley
mﬁ'aug‘mm(o.umﬂmmmmmm
centration was 2.91 X 10-2M, the lemperature was 178°C, ond the
scan rate was 0.20 V/s. (a) ) Obsained in a melt treated with CCl,
(no oxide} and (b} (] obiained in some melt, ofter the oddition of
excess oxide (as Na,CO,),
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[ X ] 0.93 1.08
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18.8 0.08 0.98 0.92
0.10 0.91 0.94

0.50 0.88 0.95

3.0 0.88 0.99

50.00 0.88 1.02

Table I lists some pertinent data for the initial CV reduc-
tion wave, which exhibits a maximum at 0.114 V in Fig. la.
The values of i}/i§ vary little, and remain near unity for all
scan rates in the range studied (three decades, from 0.05 to
50 V/a); these values were obtained using Nicholson's crite-
rion as described in Ref. 12 (pp. 229-230). The average
value for n, ¥3s determined using CV, * was found to be 0.93,
indicating that the initial reduction involves the transfer of
one electron. Further evidence for the reversibility of the
process was given by application of the Randles-Sevcik
equation®

i, = 0.4463nFA(Da)?C*
with
a = (nFv)/(RT) n

which predicts, for a diffusion-controlled process, a linear
relationship between the peak current and the square root
of the scan rate, and a similar relationship between the
peak current and the solute concentration. Throughout the
range of NbCl, concentrations studied, plots of i, vs. v'?
were found to be linear, and a linear relationship between
i, and NbCl, concentration was observed for all waves.
Table II summarizes some results regarding the initial
reduction process obtained using various voltammetric
methods. In all cases, a high degree of reversibility was
indicated. Chronoamperometric experiments closely fol-
lowed the Cottrell equation (Ref. 12, p. 143). Plots of E vs.
log [(i4 — i)/i] using normal pulse voltammetric data were
linear, as predicted by the theory for a reversible reaction
(Ref. 12, pp. 160-162). Cyclic voltammetric results were

.
* L]
*' a.14
.
0.13
1T O] 10
Scan rate (Vi3)

The behavior of the shoulder preceding the second wave
indicates that it involves some reaction which is only sig-
nificant at long times and high concentrations. In the treat-
ment of the voltammetric data as discussed above, no vari-
ation from theory was observed that might indicate that the
first reduction wave (E, = 0.114 V) was complicated by a
following chemical reaction. However, such methods are
not always sensitive to small deviations from ideality. More
sensitive probes for such behavior are described in the lit-
erature;” these methods consider the dependence of certain
parameters related to i, and E,, on scan rate. Figure 2
shows a plot of the dimensionless current function given in
Eq. 2 vs. the scan rate. The shape of the curve

¥, = ip(RFAD'*C*g )" (2)

in Fig. 2 is indicative of a following chemical reaction
which regenerates the initial redox species (Case VII in Ref.

presented above, and square wave voltammetry experi- /3 A0). Figure 3 shows a plot of (AE,.)/(A log v) us. the scan

ments are discussed below.

The data given in Table II show that the number of elec-
trons involved in the charge-transfer for the first reduction
wave was near unity. The values for E,, and D are in rea-
sonable agreement among the indicated methods.

In solutions of low concentration (<20 mM), only four
reduction waves were observed in the CV of NbCl,; the
shoulder which precedes the second wave (see Fig. 1a) only
becomes significant at concentrations higher than 20 mM.

* Values for the number of electrons (n) were determined using
the (B} = E,0)=2.2 RT/nF

*In Eq. 1, »is the number of electrons, F is Faraday's constant, A
ummmpummmmzwu
Moumwmmamﬁg- Ris
the gas constant, and T is the temperature in Kelvins.

Table K. Summary of resulis for first reduction process ot 178°C.

E:, D
Method » (4%] tem‘/s)
voltammetry (CV) 0.93 0.16% 18 x10™
%ﬂy (CA) -— - 1.9 x 10™*
voltamenetry (NPV) 0.9 o1n -
Square wave -— 0.170 -
veltammetry (SWV)
Caatrelled potential 0.97 - -

rate; this curve aiso indicates that a following chemical
reaction regenerates the original redox species. Further-

45

2

14,0748 1og v)

i
“§on T T 3 0

Scan ram (v'8)

3, Plot of the function (AE,/2)/(3 log v} va. the scan rate for the

ﬁrnﬁ"n“mmebhiﬁbyCVhr in The

Nb{V) concenivation was 2.91 x 10-2M, the worki was
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Table 1. Vehommetric W for the last thres
waves of the at 178°C.

Sean rate E E,, E - E,
VA R R R Rt
0.20 -0.293 -0.432 -0.809 0.189
20 -0.32¢ -0.504 (—-0.830) 0.180

20.0 -0.393 ~0.548 (~0.879) 0.153
40.0 -0.421 -0.568 (-0.919) 0.147

mou the shapes of the curves observed in Fig. 2 and 3

exclude the occurrence of an EC mechanism, and do not

support dimerization of the redox product.

The variations of peak potentials with scan rate for the
second, third, and fourth waves in the CV are given in
Table ITI. The peak potentials of the second and third waves
shifted to more negative values as tlLe scan rate was in-
creased; the amount by which they were separated became
smaller. At none of the scan rates studied were the two
waves sufficiently resolved that peak current determina-
tion for the third wave could be accomplished. Complica-
tions from the shoulder preceding the second wave pre-
vented the extraction of meaningful data for the second
wave at low scan rates, and the proximity of the third wave
caused similar difficulties at higher scan rates.

The most negative wave (E, = ~0.8 V) in the CV was g
small and broad at all scan rates studied. The potential of
this wave, like those of the second and third waves, shifted
to more negative values with increasing scan rates.

It wa= noted that a dark-colored film formed on the elec-
trode surface as the potential was swept past the third
wave. This film became more prominent at potentials cor-
responding to the fourth wave. Analygls of these films by
x-ray diffraction were fruitless, vteldmg no definitive lines
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Square wave voltammetry (SWV).—In general, the peak/
current for a SWV wave is given by the function in Eq. 3

iy = ["FaC*(xD)" w1y, ) 3]

i, is the peak current. w is the frequency in Hz. and , is a
dimensionless current function which depends on the pulse
height and the magnitude of the square wave excitation
sigral; other parameters are as given tefore.®

Figure 4 shows a SWV obtained in the 29 mM solution at
a frequency of 60 Hz and a pulse height of 25 mV; Table IV
lists some pertinent voltammetric data. As in CV, four defi-
nite waves are present, with the second wave having a pre-
wave shoulder. Also as in CV, this shoulder disappeared as
the speed (frequency) of the eXperiment was increased. The
parameters i,./i,,, i,4/i;,, and 'u'm give the ratio of the
pukcurrenl t of waves 2, 3, 4, respectively, to that of
wavel. .--~

It is clear that the peak potential for the first reduction
wave remains constant with increasing frequency, as is ex-
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Table (V. Dalo for four main waves in SWV of NbCl,.
o Ei B Ea B
H) M (V) \2 L0 TR 7/ "SR IV SP AV N
60 0.172 -0.266 -0442 -0.791 — 0306 0.387
120 0170 -0.266 ~0.458 -03804 0.202 0304 0.719
240 067 -0.275 ~-0.464 -0.803 0281 0392 0.893
480 0.170 -0278 -0479 -0.807 0282 0298 0938

pected for a reversible process. All other peak potentials
tend toward more negative values, just as in CV. but the
shift is to a lesser extent. Of particular interest are the last
three columns of Table IV. The values for i, /i,, and §,,/i,,
remain constant with changng frequency, but that for i, /
i, tends toward unity as the frequency is increased. Since
thepeakcurrentofaSWVwavedependsonD n, and
frequency, the ratio of peak heights can be considered to be
a rough approximation of the relative number of electrons
involved in each process, assuming other factors remain the
same. Given that the first wave involves only one electron,
these ratios provide an approximation of the apparent
number of electrons transferred, assuming that possible
complications, such as irreversibility and higher order re-
actions, are of lesser importance.

The SWV theory predicts*! that the peak height should be
linearly dependent upon w'?; i.e., a plot of peak height vs.
' should be linear, and should have an intercept of zero.
Figure 5 shows plots of i, vs. w'* for the four main waves
observed in SWV. The plots for waves 1, 2, and 3 are indeed
linear, and have intercepts near zero; this is not the case for
wave 4. probably due to the change in its relative peak
height with frequency, as demonstrated in Table IV. The
slopes of the plots for waves 1, 2, and 3 are 0.351, 0.099, and
0.102. respectively; normalized to the slope of the first
wave plot, these values are 1.00. 0.282. and 0.290. respec-
tively. These are in good agreement with the values of i, ./1; ;
and i, /i, presented in Table IV.

Controlled potential coulometry (CPC).— A potential of
0.05 V was applied to a stirred melt containing NbCl,; after
the measured current had decayed to less than 1% of the
initial value, the charge passed was determined and an n
value of 0.974 was calculated, indicating that the first wave
in the reduction of Nb(V) involves one electron, in agree-
ment wits voltammetric results. It should be noted that
some portions of the aluminum counter- and quasi-refer-
ence electrodes above the level of the melt were consider-
ably blackened, probably by a reaction with gas-phase
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NbCl,; this reaction could partially account for the fact
that the calculated n value was slightly less than unity.

Controlled potential coulometry experiments were car-
ried out at potentials corresponding to those of the subse-
quent waves observed in voltammetry, including that of the
shoulder to the second wave, using a fresh NbCl, solution
each time. Table V lists the apparent n values determined
for each wave.

In each CPC experiment, the aluminum electrodes be-
came blackened. Although these electrodes were separated
from the bulk melt using medium porosity frits, it was nec-
essary to have a small hole (=4 mm diam) in the counter-
and reference electrode compartments, above the melt
level, for pressure equilibration. It was in the region of this
hole that blackening of the electrode occurred. It is proba-
ble that this reaction diminished the total amount of NbCl,
available for experimental evaluation of the n values.

UV-visible spectroelectrochemistry (SEC).—(These ex-
periments were carried out at 200°C.) UV-visible spectra
were acquired in a thin-layer cell containing a solution of
NbCl, in AlCl,-NaCl,,r while stepping the potential of the
electrode to those corresponding to the peaks of the CV
reduction waves. The electrode potential was held constant
for at least 10 min to allow sufficient time to monitor the
thin-layer solution and observe any fcllowing chemical re-
actions. After stepping to the potential of wave 4 (E =
-0.92 V), in Fig. 1a, a new band was observed at 410 nm
(Fig. 8); the intensity of this band increased with time. Fig-
ure 7 shows the spectra acquired after the electrode poten-
tial was returned to the initial value (E = 0.60 V). An isos-
bestic point, arising from the shift in the maximum from
410 to 431 nm, is observed. At longer times, the maximum
continued to shift to 444 nm, followed by a decrease in the
absorbance at this latter wavelength; after 110 min, no sig-
nificant absorbance beyond 400 nm was observed.

Hussey and coworkers™ reported a shift in a band at 423
nm (attributed to a metal-metal electronic transition) to
lower energy when they oxidized a fresh solution of
[{(NDC1,)Cl ", ie., ND*™™, in 44.4/55.6 m/o AlCl,-MEIC!
at 100°C. The final product was believed to be
[(NDCl,,)CLJ*, or "

The behavior of the band attributed to the Nb*** cluster
in the AIC1,-MEIC] melt at 100°C ¥ is similar to that ob-
served for the band at 410 nm in AICl;-NaCly,r at 200°C. In
the AlIC1,-MEICI solvent, the band shifted from 423 to 458
nm during axidation, whereas in the AlCl,-NaCl,,r solvent,
a band shift from 410 to 444 nm occurs during oxidation.

At the completion of the experiment, black particles
were observed on the platinum screen working electrode.
The UV-visible spectrum of a solution of these particles
g Hm-an:rdadtedwetbnnol matched those reported for
coworkers?™ ¥ « by B and

It is interesting to note that the band at 410 nm was also
seen when the electrode was stepped to a potential corre-
sponding to any of the first three waves in the CV, although
the increase in absorbance was significantly less than that
observed when stepping to the potential of the fourth wave.
The formation of the Nb*** cluster at more positive poten-
tials is evidence for the slow disproportionation of Nb*,
formed during the first reduction wave, to Nb* and Nb*,
the latter of which likely decomposes to form the subvalent
cluster. The formation of the Nb™** cluster in solutions con-
taining Nb(IV) was confirmed by o the increase
with time in the UV-visible bands at 415, 480, and 530 nm,

; J. (Bectrochem. Soc., Vol. 141, No. 7, Ay 1004 © The Secwoshemicnl Seciety, inc.
- Tubie V. Viluos for @ dutormined by CPC.

in spectra acquired using a 30 mM NbCL, solution in AICY,-
NaClg,r at 173°C. These bands decressed as the tempera-
ture of the solution was increased to 330°C, indicating that
this species is less stable at higher temperatures.

Discussion of Low Temperalure Results

The firs: wave in the reduction of NbCl, in AlC],-NaCl,,,
at 178°C is essentially a reversible one-electron charge-
transfer process. Values for n near unity were determined
by Ca#V, NPV, and CPC. Reversibility was indicated by CV,
NPV, CA, and SWV results.

The diffusion coefficient for the Nb(V) species in AICl,-
NaClg,r at 178°C was determined by CV, CA, and CC exper-
iments to be 1.8 x 10™* cm?/s (average). The E,, of the redox
process was found to be 0.169 V (average) vs. Ag(I)/Ag via
CV, SWV, and NPV experiments.

Unfortunately, studies as comprehensive as those con-
ducted on the first wave could not be extended to the waves
occurring at more negative potentials. However, several
characteristics were noted. In the voltammetric (CV, NPV,
and SWV) experiments, the shoulder preceding the second
wave was most prominent at long times (slow scan rate,
long pulse widths, and low frequencies); it tended to disap-
pear entirely at very short times or in fast experiments. This
behavior indicates that the shoulder was due to the reduc-
tion of some species being generated by a rather slow chem-
ical reaction following the first reduction. As explained
below, the following chemical reaction is believed to be
one which competes with, but which results in the same
product as the second reduction step. The fact that there
was no gross effect on the characteristics of the first reduc-
tion wave indicates that the chemical reaction was slow, or
did not proceed to a great extent. It was possible, however,
to perform CPC in the rising portion of the shoulder and
determine a cumulative n value of 1.46 electrons; subtract-
ing the one electron due to the first reduction yields an n
value for this reduction of 0.46 electrons. Anaiysis of the
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chemical reaction involved partial regenera-
tion of the initial redox species

UV-visible spectra of an NbC), solution showed bands at-
tributed to the Nb**** cluster, which was likely the decom-
position product of Nb* formed from the dispropor-
tionation of Nb*. Similar phenomena were cbserved by
Mamantov and coworkers for the oxidation of U(IV) in
LiF-BeF,-ZrF, ' and the reduction of U(IV) in FLiNaK. 7
These workers proposed schemes involving the dispropor-
tionation of the redox product [U(V) and U(II), respec-
tively] to regenerate U(IV).

Studies of the second wave were hindered by the appear-
ance of the shoulder discussed above, as well as the close
proximity of the third wave. The peak potential tended to
shift to more negative values as the rate of the experiment
(CV, SWV) increased. Also, CPC at the potential corre-
sponding to the second wave provided a value of n of 2.19
electrons cumulative from the initial potential. When the
potential was stepped past the shoulder and into the second
wave, the process which gave rise to the shoulder would
have little effect if it were due to the product of a slow
chemical reaction. Therefore, it is likely that the n value for
the second wave is 1.19 electrons. It should be stressed
again, however, that the time scale of the coulometric ex-
periments was as much as three orders of magnitude
greater than that of the voltammetric experiments. This
could be an important factor in the differences observed
between the relative n values obtained for the first and
second waves in the two types of iments.

The third wave suffered from analysis problems similar
to those discussed above for the second wave. In brief, it
was noted that the peak potential for this wave tended
towards more negative values as the experiment rate in-
creased; this was less obvious in the SWV studies than in
the CV studies. Coulometry yielded a cumulative n value of
2.44 electrons for this wave.

The fourth wave proved to be the most difficult to ana-
lyze using only the electrochemical results. Its appearance
in CV was generally broad and small, making it difficult to
measure properly the peak potential, much less any other
voltammetric parameters. In SWV, the wave appeared to
bave some reversible character, especially at high frequen-
cies, when the intensity of this wave tended to be higher
than that of the first wave. As mentioned above, time in an
experiment is an important factor. It is possible that the
film formed on the electrode surface during the third and
fourth waves could have caused some passivation over the
long experimental times, whereas at short times (high fre-
quencies), passivation was minimized. Nevertheless, spec-
troelectrochemical results supported the generation of the
Nb*® cluster following this reduction.

Proposed reaction sequence.— At fast rates (short times),
only four reduction waves were observed in CV, NPV, and
SWYV. Based on the results presented and discussed above,
and previous results from the literature cited below, the
reaction sequence for the reduction of NbCl, in AICl,-
NaClg,r at 178°C is proposed to be as given in Eq. 4-7

Nb* +e" mNb*  (E1) [4)
3Nb™ + 4e" =w NBY (E2) [5]
2NDbY + ™ = ND{*  (E3) (6]

Nbj" + ne” = NI (E4) m

o

Since the n value of the first wave was found deﬂniﬁ;ér
to be unity, it follows that step (E1) in the reduction scheme
for NbCl, is the reduction of Nb* to Nb*.

An apparent n value of 2.19 was obtained by CPC for the
second wave. Reduction of Nb* to Nb}" (Eq. 4 + Eq. 5)
would be expected to exhibit an n value of 2.33 per niobium
atom. However, as noted previously, some reaction of NbCl,
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wes
with the aluminum electrudes present in the cells 3¢ indi-
cated, which would effectively diminish the tration.
. 18

The species Nb,Cl, is known and has been
and evidence of its existence in chloroaluminate melts has
been reported.t ™

The total number of electrons passed per mole of NbCl, in
CPC at the potential of the third wave was determined to be
2.44. The direct reduction of Nb* to Nb{* would require 2.5
electrons per mole of NbCl, in solution. The substance
Nb,Cl,, is known and has been characterized, and evi-
dence for the [Nb,Cl,,]** moiety in chloroaluminates has
been reported.*

No direct electrochemical evidence for the reduction rep-
resented in Eq. 7 was found; the apparent n value could not
be determined reliably in any case, but g‘:vppuent n value
close to unity can be inferred from the SWV data (Table IV)
at high frequencies. As with the third wave, the fourth
wave results in the deposition of a film on the electrode
surface. The identity of this film could not be determined
using x-ray diffraction, but it is unlikely that it is metallic
Nb, as indicated by the lack of any definitive lines in the
x-ray diffraction pattem. UV-visible spectra of the HCl-
saturated ethanol solution of this deposit showed bands
attributable to the Nb*"* and Nb*™ clusters, while the
SEC clearly showed that Nb** could be generated when
the potential was held at a value corresponding to this re-
duction wave.

At long times, or slow experiment rates, an additional
wave was observed as a shoulder to the second wave. Some
of the voltammetric results suggest that the product of the
first reduction undergoes some chemical reaction to regen-
erate the initial species (although the ex.. - t of this reaction
must be small on the voltammetric time-scale, since no

effects were seen). McCurry'™ s:ggested that solu-
tions of Nb* undergo disproportionation to Nb* and Nb*>
at temperatures above 200°C; also, current spectroscopic
studies have shown that this reaction occurs at tempera-
tures below 200°C. Given sufficient time. the Nb* gener-
ated in the initial reduction probably disproportionates to
produce an additional species, Nb*.

The Nb* produced by Nb* disproportionation subse-
quently undergoes a higher order reduction to a stable clus-
ter species (NbY"), involving a net of one-third electrons per
atom of Nb*. The excess charge exhibited by the n value of
0.46 obtained by CPC for this step may be attributed to
reduction in the second wave, since it was impossible to
truly isolate the shoulder from this wave. Support for such
a proposal is provided by prior studies by Lantelme et al.?
and Suzuki and coworkers."**® Studies involving the for-
mation of subvalent niobium species in chioride media tg
reduction of Nb(V) ? and anodization of niobium metal'*
indicated that the species produced had a valence of less
than 3; the studies by Suzuki and coworkers indicated that
the predominant species was Nb,Cl,. The Nb* produced by
disgrvporﬂonaﬁon of Nb(IV) would be less stable than
Nb;y*, and would be apt to be reduced at a potential more
positive than that of Nb$* (Eq. 6). Further evidence for this
step was provided by SEC experiments in which the UV-
visible bands due to subvalent niobium chloride species
were observed, and increased with time, when the potential
of the electrode was held at a potential just negative of the
first reduction wave.

It follows, then, that the reaction which gives rise to the
shoulder competes for reactant with that which gives rise
to the second wave, but that the products of the reactions
are identical; this product is further reduced in the third
wave. Based on these criteria, the steps given in Eq. 8 and
9 are proposed to occur between those given in Eq. 4 and 5,
at long experimental times

Nb* = Nb™ + Nb*  (Q) {8
3Nb* + " » Mb¥  (E29) [9]
Effect of Increased Temperature and Added Fluoride

Previous studies™*''* indicated that at low temperatures
(<300°C), niobium metal was not produced when Nb(V) was
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Tuny. 5h)' &, L, E,. E,
gl - - B -
180 0.11 -0.18 -0.29 -0.49 -0.80 -
180 0.13 -0.18 -0.24 ~0.44 -0.78 -—
200 0.13 - =0.17 «* -0.42 -0.73 -_—
240 0.4 -0.19 (040 -0.75 -
280 0.10 (-0.20) = (=0.45)

328 0.088 - ~0.50 «~ (-1.2)
378 -— (—0.30) -1.2
428 (-0.30) -1.13
460 (-0.26) -1.04
300 (-0.23) -0.98
*All potentials given in V us. the Ag(I)/Ag reference.
column to the shoulder preceding the second wave.
“Arrows indicate a ing of two waves into one.

‘Parentheses indicate that the given value is approximate due to
difficulty in determining peak potential.

reduced in AICl,-NaCly,y due to the formation of stable
niobium chloride clusters. Results of present studies sup-
port that coficlusion. However, attempts to electrodeposit
niobium in chloroaluminates at higher temperatures have
not been reported. This section deals with the studies of the
electrochemical behavior of Nb(V) in AlCl,-NaCls,s and
AlCl;-NaClgr~NaF melts, and attempts to electrodeposit
niobium in these melts at elevated temperatures.

Temperature effects.—Studies on the electrochemistry of
NBb(V) in AIC],-NaCly,r were conducted in the temperature
range of 160 to 500°C. Table VI lists the peak potentials of
the waves observed in the CV as the temperature was in-

creased. Some general trends can be distinguished. As the

. temperature was increased from 160 to 240°C, all observed

waves shifted in the positive direction; at 240°C and above,
the first wave began to broaden and shift negatively. While
the observed shifts may be in part related to a change in the
junction potential of the glass bulb of the reference elec-
trode, the lack of significant variation in the cathodic limit
demonstrates that the shifts were, to some extent. real. At
325°C and above, no distinction between the second, third,
and fourth waves could be seen: rather, only a large, broad
wave was observed. The first wave ceased to be peak-
shaped at temperatures above 325°C, as it became simply a
broad, low plateau preceding the larger wave into which
the second, third, and fourth waves had merged.

At temperatures 2325°C, a new wave was observed near
the cathodic limit of the melt. At temperatures below
400°C, this wave was generally difficult to resolve from the
melt limit, but it became markedly observable above 400°C.
This new wave was much larger than any observed in the
more positive region of the CV, and it tended to shift to
more positive values with increasing temperature.

Figure 8 shows a CV obtained at a temperature of 500°C.
The primary features are a broad wave at approximately
=0.25 V, and a large, sharper wave nearer the cathodic melt
limit (~0.98 V). Also seen, beginning near +0.1 V. is the
broad plateau which incorporates the initial wave in
Fig. 1a. Associated with the reduction wave at —-0.25 V is
an anodic wave observed at approximately 0.27 V. The two
anodic waves observed at —0.92 and —0.06 V are associated
with the more cathodic reduction wave.

When the electrode was observed during the process of a
slow linear scan at 500°C. a black film was seen to form on
its surface as the potential was swept past —0.25 V. where
the first peak appears in Fig. 8.

The decrease in the UV-visible bands due to the Nb*3*
cluster as the temperature was increased from 173 to0 350°C
supports the lower stability of this cluster at elevated
temperatures.

Effect of adding fluoride.—No significant differences
were observed between CVs obtained from AlCl,-NaCle,,
and AICE,-NaCly,~NaF solutions of Nb(V), even with a
NaF composition as high as 10 m/o. Two main reduction
waves were seen at -0.27 and ~1.97 V. As in the AlICl,-

AL,

*LN ~Yahin Vi. Pach patentish” for CV waves o various temperatures.

during the anodic scan
after reaching the most positive anodic wave.

Electrolysis of Nb(V).—Attempts were made to produce
niobium metal by constant current electrolysis of a Nb(V)
solution in AICl,-NaClg,r and AIC1;-NaCly,~NaF melts.
Several parameters were varied, including the tempera-
ture, the Nb(V) concentration, the fluoride content of the
melt, the current density, and the cathode substrate mate-
rial. The range of parameters was by no means exhausted.
and much work remains in this area before definitive re-
sults can be reported. We report here some preliminary ob-
servations made in the process of attempting to reduce
Nb(V) to the metal. In all but a few cases, no metal was
obtained, at least none that could be observed using elec-
tron spectroscopy for chemical analysis and x-ray diffrac-
tion analysis. In all cases, at the end of an experiment the
cathode was found to be covered with a thick coating of
undissolved, dark-green colored material; UV-visible spec-
tra of an aqueous solution of this material had the appear-
ance of a combination of the spectra reported for niobium
chloride cluster species of the form [Nb,Cl,,}*, with m =
2,3, 47 _

Current densities ranging from 5 to 250 mA/cm® were
studied, and in some cases, the current was pulsed between
cathodic and anodic values, in an attempt to minimize the
accumulation of nonmetallic deposit on the electrode
surface. These experiments seemed to indicate that, when
niobium metal was produced at all, it was only at low
current densities (<50 mA/cm?); in such cases, the coating
of undissolved material on the cathode was thinner and
more evenly distributed. The pulsed method had no observ-
able effect.

The fluoride content of the melt was varied from R =0 to
R = 1.0.° The variation of R appeared to have no signifi-
cant effect on deposition. In fact. the best deposit was ob-
tained from a melt containing no fluoride.

The temperature at which deposition was attempted was
varied from 525 to 625°C. It was apparent that tempera-
tures higher than 525°C were needed to allow the deposi-
tion of niobium metal. No distinct advantage to using tem-
peratures higher than 550°C was seen, although it is likely
that extending the studies to temperatures higher than
700°C will produce better resuits, due to the lower stability
and possibly higher solubility of clusterg species at such
temperatures.

¢The value of R is %'ven by the molar ratio of fluoride to alu-
minum, e.g., a 10 m/0 NaF melt would have R= F/Al = 10/90 = 0.11.
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Tungsten foil and nickel plates were used as cathode ma-
terials. The smoothest deposit was obtained using a tung-
sten foil cathode, but experiments that produced niobium
were sufficiently few that no definite conclusion concern-
ing the cathode material can be put forth.

The thickness of the deposits was estimated to be less
than 10 wm, due to the fact that x-ray diftraction patterns
for niobium deposits invariably showed strong lines due to
the substrate material; niobium lines generally had intensi-
ties of about 1 to 2% of that of the strongest substrate line.

Conclusions

Results are presented which demonstrate that previous
reports from our laboratory** on the electrochemistry of
N(V) in AIC],-NaCly,r melt were in error. We previously
proposed a reaction sequence for the reduction of Nb(V)
based on the assumption that the reacting species was
NbCl,. It is shown here that the previous studies were con-
ducted in melts which contained quite high concentrations
of oxide impurities, and that the species under study was in
fact niobium(V) oxychloride.

The electrochemical and spectroelectrochemical behav-
ior of NbCl, in AlICl,-NaCls,r was reinvestigated using
melts which were treated with phosgene or CCJ, to remove
oxide impurities. It was determined that the reduction of
NB(V) at 173°C involved four steps in the simplest case,
which was when the experiment rate was fast or experi-
ment times were short. At long experimental times (slow
rates), a complication was observed in the form of an addi-
tional wave between the first and second reduction waves.
It was postulated, based on the analysis of experimental
data, that this wave was due to the reduction of Nb(III),
produced by the disproportionation of Nb(IV) formed in
the first step.

An examination of the effect of temperature on the elec-
trochemical behavior of Nb(V) in AlCl,-NaClg,r and AlCl,-
NaClgur~NaF melts was undertaken. No significant differ-
ence in the Nb(V) electrochemistry in these two melts was
observed, but variations in temperature produced dramatic
changes in the voltammetric response. In general. as the
temperature was increased from <200 to 500°C, the first
wave broadened and became almost indistinguishable, ex-
cept as a broad, flat plateau. The final three (four) waves in
the low-temperature voltammogram merged into a single
large wave. Also, as the temperature was increased, a new
wave was observed near the melt cathodic limit: the peak
potential of this new wave shifted to more positive values
as the temperature was increased.

Some constant current electrolysis experiments were
conducted in sodium chloroaluminate and fluorochloro-
aluminate meits at temperatures >400°C in attempts to
electrochemically produce Nb metal from Nb(V) solutions.
It was possible to produce smooth coatings of Nb metal on
both nickel and tungsten substrates. Although these de-

posits were rather thin, this represents the first successful
production of metallic niobium from sodium chloroalumi-

nate melts.
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Spectroelectrochemical Investigation of the Behavior of
Tetra-chloro-p-benzoquinone in Molten

Sodium Chloroaluminates

E. M. HONDROGIANNIS, J. C. COFFIELD, D. S. TRIMBLE,
A. E. EDWARDS, and G. MAMANTOV*

Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600

The Raman, UV-visible, electron spin resonance spectroscopic, and
spectroelectrochemical (SEC) behavior of tetrachloro-p-benzoquinone
(chloranil) in molten sluminum chloride/sodium chloride mixtures has
been examined. The results support previous findings suggesting that
the chloranil is complexed by AICE,or AL,Cl,  in acidic melts | > 50 mole
percent (m/0) AICL,], while in basic melts (<50 m/o0 AICl,) the chioranil
remains uncomplexed. The results further support the previously pro-
poser stepwise one-electron reductions in the acidic melt to produce the
radical anion and the dianion. The present work, however, reveals that
chloranil is also reduced through two closely spaced one-electron reduc-
tions in the basic melt.

Index Headings: Molten salts; Sodium alkali chloroaluminates; Chlor-
anil; UV-visible; Raman; Electron spin resonance; Spectroelectrochem-
istry; FT-IR; Infrared spectroscopy.

INTRODUCTION

The electrochemistry of tetrachloro-p-benzoquinone
(chioranil or Q) was first studied by Mamantov and co-
workers' for its use as a cathode material for high-energy
molten salt batteries. Bartak and Osteryoung? employed
voltammetric methods to study the behavior of chloranil
in AICI,-NaCl melits and concluded that the reduction
proceeds via the following mechanism:

Q+e =0 (1
Q@ +A4—>04° 2
QA- + e~ = QA* 3
QA" + A— QA 4

where A is a Lewis acid species, i.e., either AICl, or AL,Cl," .
The complexed radical anion Q4 - is reduced at potentials
similar to that of Q (Eq. 1); thus only one cathodic wave
corresponding to an overall two-electron reduction is ob-
served. Only when the complexation is “outrun” at very
fast scan rates are two waves, corresponding to the step-
wise reduction of Q to Q?-, observed.

Cheek and Osteryoung® used electrochemical and in-
frared spectroscopic methods to study chloranil in the
AICl;~butyl pyridinium chloride (BPC) solvent system.
Only slight differences in the electrochemical behavior
were observed in comparison with the AlCl,-NaCl melts.
These differences were attributed to the greater Lewis
acidity of the alkali chloroaluminate system. Infrared
spectroscopy using the acidic melt showed that only one
of the two carbony! oxygens was complexed by AICI,.

Received 10 August 1993; revision received 13 December 1993.
* Author to whom correspondence should be sent.
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Infrared and Raman spectroscopic and spectroelectro-
chemical results for chloranil in sodium chloroaluminate
melts** show that *n acidic melts (AICl,/NaCl mole ratio
> 1) chloranil is complexed with AICI, (or Al,Cl,~) at one
of the carbonyl oxygens and at the carbon—carbon double
bonds. The infrared spectroelectrochemical results sug-
gest stepwise one-electron reductions to produce the com-
plexed radical anion and the complexed dianion. No ev-
idence for complexation of neutral chloranil was found
in the basic melt (AICl,/NaCl mole ratio < 1), where spec-
troelectrochemical results showed an overall two-electron
reduction.

In this paper, Raman, electron spin resonance (ESR),
and UV-visible spectroscopic and spectroelectrochemi-
cal (SEC) results for chloranil in molten sodium chlo-
roaluminates are presented. These techniques were suc-
cessful in identifying the radical anion intermediate which
had not been observed in the basic melt previously. The
UV-visible spectrum for this species and the Nernst plot
support the transfer of one electron to generate the anion
intermediate. Raman and ESR spectroelectrochemical re-
sults support the stepwise reduction scheme in basic chlo-
roaluminate melts.

EXPERIMENTAL

Materials. Sodium chloride (Mallinckrodt, reagent
grade) was dried under vacuum at 450°C for several days.
Aluminum chloride (Fluka, puriss grade, > 99%) was pu-
rified by distillation in a three-bulb Pyrex® tube con-
taining a small amount of aluminum metal (Aesar,
99.9999%) and NaCl as described previously.® Chloranil
(Fluka >99%) was purified by sublimation at 150°C. Melts
were prepared by adding the desired amounts of AlCI,
and NaCl to a Pyrex® tube inside a nitrogen-filled glove
box, evacuating, sealing the tube, and then fusing the
mixture in a rocking furnace at 180°C overnight.

Spectroelectrochemical Cells. The SEC cell used for
both the Raman and the UV-visible studies has been
described previously.” The thin-layer working electrode,
contained in the quartz cuvette, was either a platinum
screen or a reticulated vitreous carbon (RVC) electrode.
The reference electrode was an aluminum spiral im-
mersed in an AICl;-NaCl,,, melt and separated from the
bulk solution by a fine Pyrex® frit. The counter electrode
was platinum foil (~1.0 cm?) separated from the bulk
solution by a coarse Pyrex® frit. The ESR spectroelec-
trochemical cell, constructed in-house, is similar to the
cell used for the UV-visible and Raman spectroelectro-
chemistry except that the quartz cell was flattened. This
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Fig. 1. Cyclic voltammogram for 20.7 mM chloranil in AIC1,-NaCl,,

at 175°C obtained in the thin-layer cell. Experimental parameters: RVC
working electrode, Pt flag auxiliary electrode, Al reference, 50 mV/s.

flattened quartz end was placed perpendicular to the elec-
tric field. The quartz part was in turn joined to the bulk
of the Pyrex® cell via a quartz-to-Pyrex® graded seal.
The cell employed a platinum flag thin-layer working
electrode and a tungsten wire counter electrode. The plat-
inum was in turn welded to a tungsten wire which served
as the electrical contact at the top of the cell. The elec-
trodes were sheathed with Pyrex® to avoid exposure of
the metals to the solution. The solution was added to the
cell through a sidearm which was then sealed after evac-
uating the cell.

Instrumentation. Electrochemical measurements were
carried out with the use of a Princeton Applied Research
(PAR) Model 174A polarographic analyzer in conjunc-
tion with a PAR Model 175 universal programmer and
a Houston Omnigraphic X-Y recorder. Raman measure-
ments were made with the use of the 363.8-nm line (power
typically between 50 and 125 mW) from a Coherent In-
nova 100-15 argon-ion laser, a Spex 1877 triple mono-
chromator, and a Tracor Northern (TN)-6133 intensified
512-element photodiode array. UV-visible spectra were
acquired with a TN-6500 photodiode array rapid scan-
ning spectrophotometer employing deuterium and tung-
sten halogen lamps. The experimental arrangement for
the ESR spectroscopy has been described.?

RESULTS AND DISCUSSION

UV-Visible Spectroelectrochemistry in Basic Melts. A
cyclic voltammogram for 20.7 mM chloranil in the AICl,-
Na(l,,, melt is shown in Fig. 1. A reduction wave at 1.65
V ana an oxidation wave at 1.73 V at a scan rate of 50
mV/s are observed. The UV-visible spectrum of a so-
lution containing 1.2 mM chloranil in the AlCl,-NaCl,,,
melt shows a broad band with a maximum at 305 nm;
no other features are present out to 750 nm. Electrolysis
at a potential of 0.8 V for 30 min generates the chloranil
dianion which gives a spectrum showing a broad band
with a maximum at 302 nm; no other features are present
out to 750 nm.

Spectra acquired during this potentiostatic electrolysis
revealed a weak transient band at 515 nm. This band
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Fig. 2. Nemst plot for the generation of chloranil anion in AlCl;,-
NaCl,, ct 175°C.

reached a maximum absorbance and then decreased back
to “zero” when the electrode potential was stepped neg-
ative with respect to the Q/Q?- reduction potential. This
band is not present at potentials coiresponding to that of
either the chloranil parent or the dianion. The plot of
absorbance with time for the parent band at 305 nm
shows the expected decrease in the band due to the parent
as it is reduced to the dianion.

According to the Nernst equation, the ratio for the
equilibrium concentrations of the oxidized to reduced
forms at the electrode is determined by the applied po-
tential

E =E% + RT/nFIn(C,/C,) (5)

where E is the applied potential, E” is the formal poten-
tial, R is the molar gas constant, T is the temperature, n
is the number of electrons transferred, and F is the Far-
aday constant. In thin-layer spectroelectrochemistry, C,/C,
can be defined as®

C/C = AS(Ay — A)) = (A — A)/A, (6)

where A, (x = r or o) is the absorbance of species x at
any given potential, and A,; is the absorbance of species
Xx at a potentic® where it is the only form of the redox
couple present. A plot of E versus In C,/C, yields a straight
line in which the EY is obtained from the y-intercept,
and the number of electrons is obtained from the slope
of the plot.

Figure 2 shows such a Nernst plot constructed with the
use of the chloranil intermediate and parent bands. An
n value of 1.2 electrons was calculated from the slope of
this plot. This result is consistent with the one-electron
reduction of the chloranil parent to produce the radical
anion intermediate.

UV-Visible Spectroelectrochemistry in Acidic Melts.
Tlie spectrum obtained for a 1.1 mM chloranil solution
in the AIC1;-NaCl (63/37 mol %) melt at its rest potential
shows two bands at 515 and 330 nm. The band with its
maximum absorbance at 515 nm is due to the chloranil
radical anion. This is the same wavelength at which the
radical anion absorbs in the basic melt. The band at 330
nm is attributed to the complexed chloranil parent, since
both Raman and infrared data*s previously showed this
species to be present along with the radical anion at the
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solution rest potential. The presence of the radical anion
in the acidic melt in the absence of any applied potential
supports the spontaneous formation of this species via
reduction of chloranil by the solvent. The spectrum ob-
tained at elertrode pntentials negative of the Q/(Q* re-
duction potential mu -hes that observed for the same
conditions in the basic melt. At intermediate potentials,
the band at 515 nm rises to a maximum and then de-
creases, as expected.

Flowers and Mamantov* previously showed that the
chloranil parent is complexed, with AlCI,; or Al,Cl,—, in
the acidic melt and that it is reduced to the complexed
radical anion and then to the complexed dianion. The
fact that the absorbance maximum for the anion inter-
mediate occurs at 515 nm in both the acidic and the basic
melts supports the formation of the complexed anion
intermediate in both melts.

Raman Spectroelectrochemistry in Basic Meits. The
Raman spectrum of a 20.7 mM solution of chloranil in
the AIC1,-NaCl,,, melt shows two bands at 1602 and 1700
cm~'. When the electrode potential is held at 0.8 V for
30 min to generate the chloranil dianion, these two bands
disappear as expected, since the electrode potential is
negative with respect to the Q/Q? potential. No new
bands are observed due to the dianion. This outcome is
not surprising, since previous results support the obser-
vation that the parent and the radical anion bands are
due to a resonance Raman effect. Both the parent and the
radical anion absorb at the 363.8-nm wavelength used
for the Raman excitation; the dianion, however, does not
absorb at that wavelength. At potentials intermediate to
those which produce the parent and the dianion, the bands
at 1602 and 1700 cm—* have decicased in intensity, as
expected. In addition, two weak bands are present at 1071
and 1350 cm~!. These bands appear at approximately the
same Raman shifts (1076 and 1338 cm ') as those present
in spectra of acidic melts under the same conditions.’
Electrolysis at increasingly negative potentials shows that
the intensities of these bands decrease after reaching a
maximum. This behavior is indicative of the generation
of the anion intermediate from reduction of chloranil and
its subsequent reduction to the dianion. When the po-
tential is sufficiently negative, these bands are no longer
present. A similar transient behavior is observed upon
stepping the electrode potential anodically to regenerate
neutral chloranil.

it should be noted that the choice of the 363.8-nm line
for excitation was made only after attempts to use both
the 514.5- and the 488.0-nm lines failed due to a large
background fluorescence which prohibited the observa-
tion of the chloranil bands. An attempt was ailso made
to use a greater chloranil concentration in the melt to
increase the intensity of the Raman signals. It was, how-
ever, limited to only ~40 mM, since this concentration
was determined to be the solubility limit of chloranil.

ESR Spectroelectrochemistry in Basic Melts. ESR
spectroelectrochemistry revealed no signal at the solution
rest potential, where it has been shown that only the
chloranil parent is present. When the platinum foil work-
ing electrode is stepped negative with respect to the Q/
(- reduction potential, a weak signal grows in and then
decreases. Likewise, when the electrode potential is
stepped back to the original value, the signal grcws back
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FiG. 3. ESR spectrum for chloranil radical anion in AIC1,-NaCl (63/
37 mol % AICL;) melt at 175°C.

in to a maximum and then decreases, clearly indicating
the dependence of the species giving rise to the ESR signal
on the electrode potential. Since it was thought that the
low signal intensity might be the result of the platinum
foil working electrode decreasing the electric field strength
inside the cell cavity, a new cell was constructed with the
use of a platinum mesh working electrode, and the spec-
troelectrochemistry was repeated as described above. The
same behavior was observed but with a slight increase in
the intensity of the signal. The average g-value obtained
in the basic solution is 2.0044 + 0.003.

ESR Spectroelectrochemistry in Acidic Melts. A so-
lution containing 9.5 mM chloranil in the AlCl,-NaCl
(63/37 mol %) melt gave a weak ESR signal with no
applied potential, supporting the spontaneous formation
of the radical anion. Stepping the working electrode to a
value negative of the Q/Q?~ reduction potential resulted
in an increase of this signal. Since it was believed that
the working electrode was decreasing the electric field
strength in the cell cavity, a new cell was prepared without
a working electrode. A solution of Q- was prepared ex
situ by bulk electrolysis and transterred to the ESR cell.
The resulting ESR signal (Fig. 3) is significantly larger
than that obtained in the presence of the working elec-
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trode. The average g-value in the acidic melt is 2.0051
+ 0.000!. The difference between the g-values for the
anion intermediate in the acidic and the basic melts is
not expected, since both UV-visible and Raman spec-
troelectrochemical results support the existence of the
complexed radical anion in both melts. One likely expla-
nation is the uncertainty in reading line positions from
the spectra recorded of the basic solution, since those
spectra exhibit a low signal-to-noise ratio.

CONCLUSIONS

Other investigators previously identified the radical an-
ion in the acidic melt using Raman and infrared spec-
troscopies. The UV-visible and ESR spectroelectrochem-
ical results discussed here support their findings.
Furthermore, the presence of radical anion bands in the
Raman and UV-visible spectra at the same frequencies
for both the acidic and the basic melts suggests that the
radical anion is complexed in each medium. On the basis
of the new spectroelectrochemical evidence presented here,
it is apparent that the reduction of chloranil in the basic
melt occurs not by a singie two-electron process but
through the stepwise reduction of chloranil to the radical
anion and dianion.

It is not surprising that the anion intermediate was not
observed in the saturated melt with the use of infrared
spectroelectrochemistry.* Close examination of these
spectra reveals a significantly larger potential step than
that used in acquiring the UV-visible, Raman, and ESR
spectra. Furthermore, each infrared spectrum was ac-
quired two minutes after the potential step, which would

give the transient species enough time to be reduced to
the dianion.

In a final note, the above results exemplify the utility
of combining spectroscopy and electrochemistry for the
characterization of electrochemical systems. In this par-
ticular case, cyclic voltammetry in the basic melt showed
only one wave due to the overall two-electron reduction
of the chloranil to the dianion. Only from the spectroelec-
trochemical results was the formation of the radical anion
intermediate detected.
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There are now available ionic mixtures which are liquid at or
noar room temperature.! The most widely studied of these consists
of mixtures of 1-ethyl-3-methyl-1 H-imidazolium chioride (EMIC)
and AICl, which are liquid at room temperature over a wide
range of EMIC:AICI, ratios (R).2 By adjusting R, liquids are

J\ o
o N A cn,on,

EMIC

created which are basic (R > 1; CI- = base), neutral (R = 1;
{EMI*] = [AICL"]), and acidic (R < 1; Al,Cl;~ = acid) and have
vastly different pCl (i.c., -log [Cl]) values? Basic and acidic
melts also have significantly different electrochemical windows*
and chemical properties. HC, for example, is a powerful Bronsted
acid in acidic media, but a much weaker one in basic ones.4* We
wish to report the first example of a photochemical reaction in
a molten salt and to show how altering the composition of this

Photolysis of 2 0.140 M solution of anthracene (1) in a basic
EMIC/AIC], meilt (55.0 mol % EMIC; pale yellow solution)
under vacuum in a Pyrex vesselé afforded dimer 2 exclusively.’
This behavior is identical to that seen for 1 in a wide variety of
more traditional solvents? This dimerization, in fact, is the
paudtmforaphotoehemmﬂyaﬂowed[4+4] cydouddmon

HPLC).1° The major products were identified as 2-7, with trace
amounts of 9,9’-bianthracene and 1,2,3,4-tetrahydroanthracene
also being formed, as well as a fused dimer of unknown structure
(8) but similar spectroscopically to 7.1! No chlorinated products

Q) H—zwc.ammuumsmaaw , Mamantov, G.,
Elsevier: Amsterdam, l”é: Vol. §, p 185.

J..Sheh.D I 5 Vll.hn.R.L..Wih,J S
l".” 2614.

. 389.
(4) Smith, G. P.; Dworkin, A. S.; Pagni, R. M.; Zingg, S. P. J. Am. Chem.
Soc. 1989, 111, 525. .
(S)Smhl.G.,l:i.’?mﬁn.A.s .; Pagni, R. M.; Zingg, S. P. J. Am. Chem.

Soc. 1989, 111,
(6) A Rayomet reactor with 3500-A lamps was used as the light source.
mmmnmmmqmldwuhnmmmm

93, mmw
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Product yields were followed as a function of time (Table I,
entries 1-3). The photoreaction is rapid initially but much slower
at longer reaction times, due likely to an internal filter effect of
the highly conjugated 4, 7, and 8 and quenching of excited states
by these same species. Most of the products are also reactive as
their yiclds go down as the reaction progresses. Only the yield
of the highly oxidized 7 (and 2) goes up as the reaction proceeds.
The mass balance also decays as a function of time, suggesting
the formation of oligomeric and polymeric compounds at longer
reaction times. The hydrogen balance, which is a measure of the
excess of reduction or oxidation in the characterized products,
is small but not 0, also demonstrating the formation of missing
products.

This unusual photochemistry must be initiated by an electron-
transfer reaction. One possible electron acceptor is EMI*, but
this is not correct. First of all, EMI* did not function as an
electron acceptor in the photochemistry of 1 in the basic melt,
nor does it in the photoreaction of 1in CH,CN saturated with
EMIC, where 2 is formed quantitatively. The electron acceptor
is, in fact, the anthracenium ion 9*,13 formed by protonation of
1 with trace amounts of HCl in the melt,!4 and it is more casily
reduced electrochemically than is EMIC (egs 1-3).14 Even the

1+HCl=9" £))

o
149 =149 Q)
1"t + 9° —— products 3

most rigorously purified melts contain traces of HC1. In the first
three photoreactions described in Table I, there is approximately
3% of 9* present in cach solution. When the HCI content of the
melt is deliberately increased by the addition of EMIC-HCL 4
the content of 9* increases to 26% (Table, entry 4). When this
solution is irradiated, the photochemistry is somewhat different
than the previously described cases, but it is exclusively redox in

(12) The aquecus solution formed during reaction worknp, which contsins
EMI* and other ionic organic compounds, was evaporated and the residue
subjected to SIMS. Only EMI* was detocted.

(lS)Thdemmmufuﬁmmmdmmddu&td
anthracene todiaryl- and triaryimethyl carbocations is known aad is very fast:
Johm,l...l Kanigan, T. J. Am. Chem. Soc. 1999, 112, 1271. Samnu.

A.; Gopidas, K. R.; Das, P. ncmrmm:mmm
l,’(2|:c;7(:nl'hn.lt.‘l‘ ; Trulove, P. C.; Osteryoung, R. A. Electrockim. Acta

0002-7863/93/1515-9828$04.00/0 © 1993 American Chemical Society
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Tebls L. Product Distributons from the Photolysis of Anthracene in Acidic Melts®
reaction  ratioof1to  %ofl yield< (%) material bydrogen
entry time(h) protomsted ¥  comsumed 3 4 s 3 7  J 2 balance (%)  balance (%)

1 0.5 291 12.7 4.5 194 12.1 23 0 137 0 720 4

2 4 29:1 60.4 13 68 23 1.5 1.0 18 20 27 [ §

3 43 29:1 64.2 6.2 4.6 2.4 1.3 3.1 13 24 213 -4

4 43 2.9:1¢ 73.6 25 0 0 0 9.0 0 0 14.2 -6

28y
5 24 1.0¥ 154 1.9 0 0 0 0 0 2.5 4.4

©0.148 M solution (2.35 mmol of 1 in 21.0 g of meit (55.0 mol % AICl;) which has a density of 1.32 g/mL? photolyzed in Pyrex under argon.
protonated anthracene (Zingg, S. P.; Dworkin, A. S.; Selie, M.; Chapman, D. M.; Buchanan, A. C,, II1; Smith, G. P.

on the extinction coefficient of

¢ Based

J. Electrochem. Soc. 1984, 31, 1602 and ref 4-5) and the equilibrium coastant for thcmﬂemmdmhm“uiudﬂmm

of anthracene in the melt. ¢ For monomeric products: (mmol of product/mmol of consumed 1) X 100. For dimeric

: (mmol of product X

2/mmol of consumed 1) X 100. 4 An unknown fused product similar to 7. ¢ {(£mmol of monomeric products + 2Lmmol of dimeric products)/mmol

of consumed 1] X 100. 7 (mmol of H added to reduced products — mmol of H Jost from oxidized

)/(mmotl of H added to reduced products

products
+ mmol of H lost from oxidized products) x 100. lHClmthzmdtmsdbytheaddxmofMOHCL“  Yields of 1,2,3,4-tetrah

{HC removed from the melt by addition of excess methylaluminum

ydroanthracene.
MiGC/MS of the product mixture revealed the preseace of

methylanthracene(s) (8%), 9,10-dimethylanthracene (1%), and chioroanthracene(s) (2%).

nature, giving largely the highly oxidized and reduced products
7 and 1,2,3,4-tetrahydroanthracene. This reaction is clearly
farther along the cascade of oxidation and reduction reactions
than are the previous three examples. When the HCl is
deliberately removed by addition of excess methylaluminum
sesquichloride,’4 the overall reaction is slower than when HCl is
present, and the redox chemistry is largely suppressed (Table I,
entry $5).13
The essential difference in the photochemistry of 1 in the basic
and acidic molten salts is due to the different in acidity of HCI
in the two media. In the basic melt, HC is insufficiently acidic
to protonate 1, and the photochemistry proceeds in the normal
manner. In the acidic medium, however, HC, now a powerful
Bronsted acid, protonates 1 to form a small amount of 9*, which
function as an electron acceptor, thus diverting the chemistry of
1 into an entirely new channel. Photolysis of 1 in H,O also
tes 1°+,16 which reacts rapidly with the nucleophilic
H,0.1617 In the acidic molten salt, there are no good nucleophiles
with which 1°* canreact. Only 1 or products or transieats derived

from 1 can serve this purpose. As a result, the chemistry is
dominated by bimolecular clectron transfer, hydrogen transfer,
and coupling reactions. The present chemistry is reminiscent of
that described by Smith et al. for 1 in molten SbCly, which is also
poorly basic, at elevated temperatures.’s In that case, the electron
transfer is driven thermally by the reversible reduction of Sb(III).
Thermally and photochemically driven clectron-transfer reactions
in poorly basic solvents should yield other unusual chemical
transformations.
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